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CHELATING AGENTS 


J. K. AIKEN 


IN the past ten years there has been a quiet revolution in in- 
organic chemical analysis. This began in Zurich in 1948 with the 
discovery by G. Schwarzenbach and his co-workers that the 
degree of hardness of water (hitherto best determined by a 
rather fallible method using soap-solution) could be measured 
precisely by an elegant titration with an organic compound 
then mainly used as a textile auxiliary, the compound ethylene 
diamine tetra-acetic acid* (usually abbreviated to EDTA). This 
compound had the property of forming such stable complexes 
with metal cations — including those of calcium and magnesium, 
responsible for water hardness — that many of their normal 
chemical reactions were suppressed completely. In particular, 
magnesium forms a red complex with the dyestuff known 
(although it is, in fact, blue) as Eriochrome Black T, but this 
reaction is suppressed by an amount of EDTA equivalent to, 
or in excess of, the total amount of calcium and magnesium 
present in solution. An integral part of Schwarzenbach’s dis- 
covery lay in the use of this dyestuff as an indicator, a colour- 
change from red to blue taking place when enough EDTA had 
been added to the solution to complex all the cations causing 
hardness, including the small amount of magnesium complexed 
by the dye. It has recently been estimated that roughly a quarter 
of a ton of EDTA is now used annually in the U.S.A. for water 
hardness determination alone. 

Since the publication of Schwarzenbach’s original paper 
(which did not at the time, January 1948, attract much attention) 
something iike 1,500 papers have been published on the use of 
EDTA in analysis, largely for the determination of metals in 


* The official chemical name for this compound is now diamino 
ethane totra-acetic acid. 
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solution by direct titration. Few, if any, of the metals in the 
Periodic Table have not been determined either directly or in- 
directly with this reagent, and a considerable number of deriva- 
tive methods for acid radicals and organic compounds, based 
essentially upon the original Schwarzenbach procedure, have 
been described; the present publication rate is upwards of 200 
papers a year, and complete schemes of inorganic and industrial 
analysis have been devised using only methods of this kind. 
Notable advances have been made, in particular, by H. Flaschka 
in Graz and North Carolina, J. Kinnunen in Helsinki, and R. 
Pribil in Prague. Pribil and his co-workers have paid special 
attention to indicators behaving like Eriochrome Black T and 
have synthesized a number of new compounds, specific to indivi- 
dual metals: these they term ‘metallochromic’ indicators since, 
on complexing with metals, they give a colour-change analogous 
to that of a conventional acid-base indicators with change of 
pH. These indicators are, in fact, often derived from acid-base 
types by the simple incorporation of one or more metal-com- 
plexing groups. 
EDTA has the formal chemical structure: 
COOHCH, CH,COOH 


NCH,CH,N 


«tt ~ 
COOHCH, CH,COOH 

Although insoluble in water, it forms soluble alkali-metal salts 
and it is the tetrabasic anion formed by the ionization of these in 
solution that is the active species for complexing metal cations. 
There are thus, potentially, six atoms — four carboxyl oxygens 
and two nitrogens - in one EDTA molecule which can co- 
ordinate with a single metal atom, and although a more usual 
number of such linkages is four, complexes of EDTA are known 
(for example, that with trivalent cobalt) in which all six are 
actually attached to the cation. The resulting complex ion is 
considered to have the structure: 

The attachment of two or more co-ordinate links from the 
same complexing molecule (ligand) to a single metal atom is 
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Fig. 1. Complex ion formed with EDTA. In the diagram the true 
dimensions have been deliberately distorted in the interests of 
visual clarity. 


usually known as chelation, from the Greek yA, a crab’s claw, 
expressive of the simplest form of chelation, e.g., 


H H 
hay 
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ye ‘on 
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x. CH, 


\ 
‘\ 


N 
ie: 4 
H H 
Such a structure is called a bidentate chelate, that above being 
hexadentate, and EDTA and its chemical analogues are now 
usually termed chelating agents.* In industry, the EDTA group 
and two other series of compounds with somewhat analogous 
properties and applications — polyphosphates and organic 


*In the analytical field they were first named ‘complexones’ by 
Schwarzenbach, but this term has lately become the subject of a 
trade-mark dispute and the alternative name ‘complexans’ has re- 
cently been suggested by F. Feigl. 
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poly-hydroxy-acids - have become known as ‘sequestering 
agents’. This is, unfortunately, a misleading term since it sug- 
gests that the ‘sequestered’ metal has been actually removed 
from the system under consideration, whereas in fact it remains 
in solution and is simply inactivated. ‘Chelating agents’ is to be 
preferred. 

Like its analytical uses, the industrial applications of EDTA 
stem essentially from its ability to form extraordinarily stable 
and, usually, highly water-soluble complexes (chelates) not only 
with the transition metals such as nickel and iron known to have 
high complex-forming ability but also with the alkaline earth 
metals magnesium, calcium, strontium, and barium, and others 
whose complexes are not in general particularly stable. The 
order stability of these chelates with different metals is best 
indicated by the stability constant, defined as 


Concentration of chelate 





Conc. of free cation x Conc. of free chelating agent anion 


There is always an equilibrium between free and chelated 
metal, the actual concentrations depending on the relative total 
amounts of metal and chelating agent, the acidity or alkalinity 
of the system, and the presence of competing ions. Values for 
log K. for common metals with EDTA are given in Table 1. 

The logarithmic form of K. is used for convenience: the 
numerical value of K. for nickel, for example, is thus 10'*%, 
implying that in a solution of a nickel salt containing an equi- 
valent amount of fully ionized EDTA, there will be about a 
thousand million times as much chelated nickel as free nickel 
cations. Thus, although the concentration of free cations can 
never be zero, it can be made very small indeed. 

As will be shown later, the variation in K. from metal to metal 
is of great importance in the industrial application of EDTA: 
when two metals are present together with not enough EDTA 
completely to chelate both of them, that with the greater value 
for K. will obtain the lion’s share of the EDTA, the extent of 
disproportion depending on the relative values of K. Further, if 
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TABLE! 





Metal 





Silver 
Barium 
Strontium 
Magnesium 
Calcium 
Manganese 
Iron (ferrous) 
Aluminium 
Cobalt 

Zine 

Lead 

Nickel 
Copper 

Iron (ferric) 














a metal salt is added to a solution of a chelate of a metal having 
a lower K, value, the free cations of the former metal will dis- 
place a majority of those of the latter from the chelate. 

An important feature of the chelates of EDTA and its chemi- 
cal relations is that they are almost invariably anionic (acidic). 
The most usually encountered chelates are those formed with di- 
and tri-valent metal cations: since the EDTA anion has four 
negative charges, the resulting complexes will have a net nega- 
tive charge of two or one, respectively, and will consequently 
be anions capable of forming mono- or di-sodium or other alkali 
metal salts.* Such compounds, for example the di-sodium nickel 
or mono-potassium ferric chelate of EDTA, can easily be made 
in crystalline form, and the corresponding free acids are often 
stable enough to be prepared as solids. It is, in fact, this feature 


* Tetra-valent metals form complexes with two molecules of 
EDTA which are consequently also anionic. 





12 Science News 52 


of the EDTA chelates that causes them to be water-soluble: the 
di-sodium lead chelate is, for example, one of the most soluble 
of all known compounds of lead. 


INDUSTRIAL USES 


No less remarkable than the development of its analytical uses 
has been the rise in industrial importance of EDTA within the 
last ten years. Although the compound has been known for 
thirty years or more, it is only quite recently that its extreme 
versatility has been realized. It is now used in such diverse ways 
as soil treatment, the manufacture of television tubes, the clean- 
ing of boilers, the clarification of wine, and the treatment of 
lead poisoning. Before the war, its use and that of its simpler 
analogue nitrilotriacetic acid, N(CH,COOH),, to control water 
hardness and metal contamination in dyeing and other textile 
processes was promoted by the I.G. Farbenindustrie in Ger- 
many, and this use has continued in many countries on an 
increasing scale. Since 1945, however, important uses have been 
found in many other fields and the world’s annual production of 
EDTA must now be measured in thousands of tons - despite the 
fact that it is characteristically used in minute quantities. 

Applications of EDTA can be divided for convenience into 
five categories: (1) control of trace metal effects, (2) cleaning 
and clarifying operations, (3) use of chelates as ‘reservoirs’ of 
metal atoms, unreactive till required, (4) uses, stemming from 
analytical procedures, in the purification of rare metals, and 
(5) pharmacological uses. A survey of these well illustrates the 
chemical behaviour of EDTA. Since the active form of EDTA 
is a water-dissolved ion, almost all of them involve the presence 
of some water. 


Control of Trace Metals 


The best-known example of the adverse effect of small 
amounts of metals in solution is, of course, the hardness of water 
in chalk and limestone districts. Not only is EDTA used for 
determining this but it can also act as a permanent water- 
softener, and if enough is added to complex all the calcium and 
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magnesium present, the hardest water will give a stable lather 
with ordinary soap. Unfortunately, it is not practicable, either 
economically or technically, to include enough EDTA in soap 
to protect it fully against all possible degrees of hardness. Pro- 
cesses in which it can be succesSfully used for preventing water 
hardness effects include, besides the textile treatments already 
mentioned, photographic development and streptomycin manu- 
facture. 

Copper is another metal traces of which often cause trouble, 
both industrially and domestically. It is an active catalyst for the 
oxidative breakdown of many organic compounds, concentra- 
tions of as little as a few parts per million being enough to pro- 
mote the decomposition of Vitamin C, the development of ran- 
cidity in soap, or the softening of rubber. It has been found, for 
example, in housing estates where the hot-water pipes are of 
copper, particularly if the water is soft so that no protective 
scale forms on the pipes, that hot-water-bottles may ‘perish’ in 


as little as three weeks’ use as a result of uptake of copper first 
by the water and then by the rubber. This can be arrested by 
incorporating in the rubber a calcium chelate of EDTA, which 
is sufficiently heat-stable to withstand the rubber processing 
conditions, and in presence of copper-carrying water will ex- 
change harmless calcium for copper, since the K, value of the 
latter is much the higher. Other undesirable copper-induced 
catalytic processes that can be prevented by little more than an 
equivalent amount of EDTA are the unduly rapid breakdown of 
per-compounds, such as sodium perborate and percarbonate, 
in ‘oxygen’ detergent powders, the formation of blue spots in 
cathode-ray tubes, the tendency to ‘burning’ in the electroplating 
of bright nickel, the tendering of cellulose fibres.in laundering, 
and the oxidation of sulphite in photographic solutions. 

It must not be thought that chelation with EDTA will neces- 
sarily inhibit metal-catalysed processes. Although this can be 
done very effectively with those due to copper, the reverse is the 
case with iron, whose catalytic activity is often much increased 
by chelation. Use has been made of this fact in the production 
of GR-S synthetic rubber by emulsion polymerization, where 
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EDTA is used to activate the iron which activates the organic 
peroxide which activates the raw materials, styrene and buta- 
diene, and causes them to copolymerize. 


Cleaning and Clarifying 


One of the most fascinating properties of EDTA is its ability 
to ‘dissolve’* insoluble compounds such as calcium carbonate 
or oxalate, barium sulphate, and so forth. It does this, of course, 
by taking up the metal as the water-soluble chelate, a chemical 
equation exemplifying this being: 

BaSO, + Na,Y —~ Na,[BaY] + Na,SO, 

(Y standing for the EDTA anion). Whether this can be done in 
a particular case depends on the relative values of K. for the 
metal concerned and the function called the solubility product 
(K,) of the insoluble compound, which may be defined as the 
multiple of the concentrations of its component ions in a satur- 
ated solution. In the case of a very insoluble compound this is 
consequtatly a very small quantity, and whether the compound 
can be solubilized by EDTA depends, as it were, on whether 
K, is smaller than K, is large. A semi-quantitative assessment of 
the possibilities can be made by multiplying K. by K,: if this 
product is much greater than one, solubilization is likely; if 
much less, it is unlikely. 

Use has been made of this property of EDTA in cleaning 
calcium carbonate scale from the heating surfaces of boilers and 
sugar evaporators, and calcium oxalate scale from brewery vats. 
Such treatments have several advantages. The solutions used are 
alkaline and do not attack or embrittle the metal of which the 
equipment is made — unlike the conventional acid ‘pickling’ 
liquors which are commonly used to remove rust and scale; the 
EDTA is not consumed and can be recovered from the calcium 
chelate formed and used again; and no mechanical cleaning, 
with consequent possible damage to the equipment, is necessary. 
Against these must be set the comparatively high cost of EDTA. 


* Quotation marks are used because the process is not one of true 
solution, as of sugar dissolving in water, but of chemical reaction. 
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Other important uses of EDTA in this field include the formu- 
lation of alkaline solutions for removing rust and mill-scale 
from iron and steel, again without the danger of embrittlement, 
always present if acid is used. Particularly interesting is the 
cleaning of surfaces (including human skin) from contamination 
with radioactive fission products. A large proportion of these 
consists of radioactive isotopes of the rare earth elements, all 
of which are strongly complexed by EDTA; it is thus possible to 
make up solutions which, although bland to sensitive or re- 
active surfaces, will effectively remove contamination. 

A special problem, not yet solved, is that of the radio-isotope 
strontium-90., This is one of the longest-lived of fission products 
and for this reason may eventually accumulate in dangerous 
amounts in the air and the soil. On account of the great chemi- 
cal resemblance between strontium and calcium, the radio- 
isotope of strontium follows the metabolic path of calcium in 
plants and animals, and so eventually reaches the bones of verte- 
brates where, owing to the persistence of its radio-activity, it can 
cause cancer. However, some time elapses after ingestion or con- 
tamination before the strontium-90 becomes fixed in the bone, 
and during this period it would be possible to sweep it out of 
the system with a suitable chelating agent, if such a compound 
could be found which chelated strontium preferentially to cal- 
cium, comparatively large amounts of which will always be 
present in the organism. (This would be a use analogous to that 
of calcium EDTA in treating lead poisoning, referred to later.) 
As can be seen from Table 1, this is not the case with EDTA. In 
fact, the order of strength of chelating with different metals 
varies very little from one chelating agent to another, ferric iron, 
copper, and nickel usually being the most strongly complexed of 
the common metals. It is, however, possible to arrange the mole- 
cular structure of a chelating agent so as to confer some prefer- 
ence for cations of a certain size, irrespective of the ‘natural’ 
order. For example, diethylene triamine penta-acetic acid, a 
higher analogue of EDTA, gives almost equal figures for K. 
with calcium and strontium, and this may be a signpost to the 
right line of investigation. 
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Chelates as ‘Reservoirs’ of Inactive Metal 


The most important industrial application of chelating agents 
under this heading, at least in its potentialities, is undoubtedly 
in electroplating. In electroplating for protective and decorative 
finishing it has been found empirically that, in order to obtain a 
uniform coating of good appearance and physical properties, it 
is usually essential that the bulk of the dissolved metal be present 
not as free cations but in the form of complex ions. The reason 
for this is not fully understood. At present, on account of its 
cheapness and the stability of the complex ions it forms with 
many metals, very large amounts of cyanide are used in this way 
for plating a number of the commoner metals, including silver, 
copper, zinc, and cadmium; and of a number of rare metals, 
including gold and the platinum group. The main disadvantage 
of cyanide is its high toxicity and, as restrictions on industrial 
effluent disposal become steadily more stringent, more research 
is being done to find substitutes for it. The stability of many 
EDTA chelates is of the same order as that of the corresponding 
metallocyanide complex ions and, although the investigation of 
the use of EDTA in this field has only quite recently com- 
menced, there is already a considerable body of patent litera- 
ture. Claims have been made in respect of the plating of copper, 
nickel, zinc, indium, and iron from baths containing EDTA in 
place of cyanide, and this field is full of very interesting possi- 
bilities. In particular, it seems likely that the use of EDTA will 
help in the plating of alloys, always critical and difficult pro- 
cesses to control. 

A typical use of EDTA under the same heading, but in a very 
different type of application, is in promoting the growth of 
algae. Since the war, in countries such as Israel where the annual 
amount of sunlight is greater and more dependable than in 
Great Britain, the possibility has been investigated of raising 
algae, known to be rich in proteins, as a ‘synthetic’ food crop. 
One organism in particular, a unicellular green alga called 
Chlorella pyrenoidosa, has been grown on quite a large scale, 
and it has been found that the addition of EDTA to the nutrient 
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solution much increases the rate of growth. This is due to the 
fact that, although the alga does require a very small amount 
of free (cationic) copper for healthy growth, amounts of copper 
in excess of this act as a poison. But if only the small amount 
needed is present, it is rapidly exhausted. The effect of the 
EDTA is to maintain further amounts of copper in a non-toxic 
and inactive condition until what is present as free cations has 
been used up, when, as a result of equilibrium maintenance 
between the free and bound forms, a further supply of free 
cations is released from the chelate. 

A somewhat similar use of EDTA which has developed to a 
substantial scale is in the supply of iron, an essential element for 
the growth of green plants, to soils deficient in this. The problem 
is particularly acute in the alkaline soils that usually overlie 
chalk or limestone in which, owing to the very high insolubility 
of its hydroxide, iron is precipitated and becomes unavailable to 
the plant. Since the presence of iron is essential to the biosyn- 
thesis of chlorophyll, this leads to the condition known as 
chlorosis (leaf yellowing), and, in the case of fruit crops, to fruit- 
drop or total absence of fruit. Although the use of the iron 
chelate of EDTA itself as a soil treatment has given some good 
results in soils not too strongly alkaline,* very large amounts 
have to be used on really alkaline soils, and a better solution to 
the problem is to apply the compound as a foliar spray or to use 
an iron chelate more stable under such conditions. A new com- 
pound, bishydroxyphenyl ethylene diamine di-acetic acid, has 
recently given excellent results. 


Purification of Rare Metals 


The most important use of chelating agents in this field is in 
the separation of the rare earth elements, which lie in the 
Periodic Table between atomic numbers 57 and 71.t The chemi- 
cal properties of these elements, and the physical properties of 
their compounds, are so closely similar that in the nineteenth 

* The first successful large-scale use was, in fact, in citrus orchards 
in Florida where the soil was acid but iron-deficient. 

+ Science News, 45 95. 
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century their separation was one of the major problems of in- 
organic chemistry. Only by a very prolonged process of frac- 
tional crystallization, involving hundreds or even thousands of 
operations, could pure samples of some of the rarer elements 
be produced. Recently some of these, for example thulium and 
gadolinium, from being of little interest except as rarities diffi- 
cult to prepare, have become important for research and even 
technologically in special application* in nucleonics. It has been 
found that, by a combination of the use of ion-exchange resins 
with chelating agents, whereby the mixed rare earth compounds 
are held on a resin column and selectively stripped from it 
(eluted) with a chelating agent solution, the differences between 
them can be magnified to a point at which as good a separation 
can be achieved in a few days as in the nineteenth century might 
have taken as many years. There is little doubt that EDTA and 
its analogues will find similar industrial uses in the production of 
other rare metals whose industrial exploitation is a result of the 
advent of nuclear energy. For example, it is possible that the 
use of EDTA in conjunction with a particular type of ion- 


exchange resin may form the basis of a process for extracting 
the small but definite amount of uranium in sea-water. 


Pharmacological Uses 


For obvious reasons, the most important pharmacological 
uses of chelating agents are concerned with the treatment of 
metal poisoning, of which the best-known and most frequently 
occurring example is that due to lead. Lead is a cumulative 
poison since its chloride is comparatively insoluble and is there- 
fore precipitated by the hydrochloric acid in the stomach. 
Workers in lead industries, therefore, tend to suffer from a 
chronic form of poisoning: when this arises from white lead 
pigment it is sometimes known as ‘painter's colic’. At one time, 
workmen exposed to this danger were regularly given a drink 
containing diluted sulphuric acid which transformed lead 
chloride into the much less soluble, and less harmful, lead 
sulphate. 

Both chronic and acute cases of poisoning are now almost 
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invariably treated by means of a solution of the di-sodium cal- 
cium chelate of EDTA, which reacts with lead in whatever form 
it is present in the system to produce the exceedingly soluble 
di-sodium lead chelate of EDTA and a free calcium salt, this 
exchange being due to the fact that K. for lead is much higher 
than for calcium. The lead chelate is relatively innocuous as well 
as highly stable and soluble, and is then rapidly excreted. The 
EDTA is used in the form of its calcium chelate so as to obviate 
any risk of producing a local calcium deficiency in the body 
which might occur if a simple salt of EDTA were used. In this 
case, any chelating capacity not taken up by the lead would be 
available for withdrawal of calcium from the system. This treat- 
ment has had dramatic effects in cases of acute lead poisoning 
and it was successfully used in the ‘epidemic’ that occurred 
recently in Yorkshire as a result of burning old battery caves for 
fuel. It has been suggested that an aerosol spray of the calcium 
chelate would reduce dust hazards in the lead industry; and the 
daily administration of 1-gram tablets of the drug is current 
practice in lead mines in Czechoslovakia as a prophylactic 
against chronic poisoning. EDTA can also be successfully used 
to treat chrome ulcers which attack workers in the electroplating 
industry. 

In a similar way to its use in agriculture, the iron chelate of 
EDTA is being used to correct iron-deficient conditions in ani- 
mals and human beings; again as in the agricultural use, it is 
possible that an analogue of EDTA giving a more stable iron 
chelate in alkaline conditions may be superior to EDTA itself 
for this purpose. Similar remarks apply to the treatment of 
cobalt deficiency in sheep. 

On account of its high solubility and comparative non- 
toxicity, the lead chelate of EDTA has been suggested as an 
alternative to barium sulphate as a contrast medium for X- 
radiography in living subjects. This is not, however, to be re- 
garded as a safe use for human subjects since, although rela- 
tively non-toxic, the chelate is not absolutely so and there is 
some evidence of breakdown in the kidneys. This raises no 
problem in the treatment of lead poisoning but is a very different 
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thing when it is a question of injecting a substantial quantity of 
highly concentrated solution. 
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CONCLUSION 


This survey will have given some idea of the range of applica- 
tions of EDTA and related chelating agents, without mentioning 
more than a fraction of these. The field is still developing rapidly 
and research is now being directed towards greater specificity : 
for example, in the quest for an effective chelating agent for 
strontium-90, already mentioned. In chemical technology there 
are many other occasions when trace metals cause trouble but 
cannot be satisfactorily inactivated by EDTA, either because 
their catalytic activity is not inhibited by chelation or because 
another metal is present which gives a stronger chelate. Here 
again, chelating agents with more specificity must be sought 
which do inhibit the catalytic activity or which reverse the usual 
order of stability constants, as the case may be. 

Great though the untapped industrial potentialities of these 
compounds may be, it is perhaps in biochemical research that 
the most interesting new possibilities for chelating agents will 
lie. It is well known that traces of metallic ions are important in 
many if not all enzyme reactions and their chelation by naturally 
occurring organic compounds in living organisms may play a 
vital part in these. Well-known examples of chelated metals in 
vital processes are, of course, that of magnesium in chlorophyll 
and iron in haemoglobin. Already a very large number of papers 
have appeared in which EDTA has been used as a probe to 
investigate enzyme action; but the most that can yet be said 
about the general trend of these is that the effect of EDTA is 
usually unpredictable and often dramatic. 

Much still also remains to be done on the use of chelates in 
mineral nutrition. Even in the example most explored, the 
supply of iron to plants, it is still not definitely known how the 
plant contrives to make use of the iron in a chelate sufficiently 
stable to withstand soil conditions apparently far more drastic 
than those obtaining within the plant itself. An approach to this 
problem has been made by using radioactively labelled chelates, 














Chelating Agents 21 


and this has suggested that the plant absorbs, and translocates 
within itself, the whole chelate and not mereiy the iron out of it. 
Another very suggestive recent observation is that by P.C. 
DeKock at the Macaulay Institute for Soil Research at Aber- 
deen that complex ions having a unit net charge tend to be more 
readily absorbed by plants than those having a higher charge. 
This may explain the fact that, so far, mineral nutrition trials 
with EDTA chelates of di-valent metals such as zinc and copper 
(which will possess doubly charged anions) have been dis- 
appointing in comparison with those using the singly charged 
iron chelate. 
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STRESS: THE MODERN MALADY 


R. ROBINSON 


Every hour of the waking day we are subjected to stress of 
some kind or other. Both in form and in intensity this stress 
varies enormously. It may be so brief and so mild as to pass 
unnoticed; it may take the form of constant frustration and 
anxiety and go on for years before finally leading to a break- 
down in health; or it may be sudden, vivid, and intense such as 
that presented by an acute emotional shock. Complex physio- 
logical mechanisms have evolved to enable the body to deal 
effectively with these numerous and varied forms of stress. It is 
with these mechanisms that this article is concerned. 


BODILY CHANGES IN STRESS 


No matter what form stress takes, it evokes changes in the body. 
These changes usually happen without our being aware of them 
because they are not under the control of the will, and because 
most of them take place deep within the body. Sometimes, how- 
ever, they do make themselves felt. When confronted by sudden 
danger, for example, the heart pounds, colour drains from the 
face, the hair bristles, the lips quiver, beads of perspiration break 
out on the forehead, and goose pimples appear on the skin. 

Why do these changes occur? Do they serve a useful purpose? 
Are they due directly to the stress or are they manifestations of 
the body's response to the stress? These are some of the ques- 
tions that Dr W. B. Cannon set out to answer when, in 1909, 
he started to investigate the function of the bodily changes in 
stress. Cannon used cats and dogs as his experimental subjects. 
He was concerned mainly with the effects of acute stress, and he 
often used the natural enmity between the two species as his 
source of stress. 

When he confronted a cat with a barking dog it arched its 
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back, erected its fur, unsheathed its claws, and bared its teeth. 
But besides these visible signs of stress, Cannon showed that 
other changes occurred within the body: the pulse quickened, 
blood pressure rose, blood was shunted from the gut and skin 
regions to the muscles, and the amount of glucose and of adren- 
aline in the blood increased. 

These changes rapidly prepared the animal to withstand the 
stress effectively. As Cannon put it: ‘they prepared the animal 
for fight or flight’. Arching the back, erecting the fur, and baring 
the teeth and claws made it appear more formidable to its adver- 
sary. The raised blood pressure and increased heart rate, and the 
diversion of blood to the muscles, ensured the muscles of the 
increased supply of nutrients that are needed in ‘fight or flight’. 

Glucose is the chief source of the energy used by active 
muscles. It may be considered as metabolic fuel to be consumed 
by the muscles. The increased blood glucose concentration in 
stress helps to satisfy the muscles’ increased demand for meta- 
bolic fuel. The increased blood adrenaline concentration helps 
to postpone the onset of fatigue and makes the blood clot 
quicker — both of which are important to an animal fighting or 
fleeing for its life. 

Cannon’s investigations lasted for twenty years and were pub- 
lished in a series of forty-two scientific papers. His main results 
may, however, be summarized quite briefly as follows: (a) Bodily 
changes which occur in stress are purposeful; they prepare the 
animal rapidly and effectively to withstand stress. (b) These 
changes occur without the exercise of the will. 


THE SYMPATHETIC NERVOUS SYSTEM 


If these changes occur without conscious effort, how are they 
brought about? To answer this question it is first necessary to 
know a little about the nervous system. 

The nervous system consists of two parts: the somatic system, 
which controls the skeletal muscles, and the autonomic system, 
which controls involuntary muscles such as heart muscles and 
the muscular coat of blood vessels. It also controls the activity 
of certain glands such as the adrenal glands, the sweat glands, 
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and the salivary glands. To a large extent, the muscles whose 
nerve supply is derived from the somatic system are under 
voluntary control. The muscles and glands whose nerve supply 
is derived from the autonomic system are not under the control 
of the will. Their activity is controlled by reflexes. 

The autcnomic system can be further subdivided into the 
sympathetic and the parasympathetic systems. It is the sym- 
pathetic system with which we shall be concerned here. It is 
represented in diagrammatic form in Figure 1. 
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Fig. 1. Diagrammatic representation of the sympathetic nervous 
system. Circles represent sympathetic ganglia. 


It will be seen that the sympathetic nerves supply a very wide 
variety of bodily structures. The activity of all these nerves is 
controlled and co-ordinated by an area in the brain known as 
the hypothalamus. 

To understand how the sympathetic nervous system works we 
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can follow the course of events that occur when a recumbent 
person stands up. If the change of posture is made fairly quickly, 
the blood tends, under the influence of gravity, to fall into the 
vessels in the lower part of the body. As a result, there is a 
momentary fall in the blood supply to the brain. There are, 
however, physiological mechanisms that prevent this from being 
anything but a very brief effect. In the wall of the aorta, the 
great artery that carries blood away from the left side of the 
heart, and in the carotid artery, which carries the brain’s blood 
supply, there are nerve endings that are exquisitely sensitive to 
changes in blood pressure. When the pressure in these two 
arteries drops, the nerve endings trigger off impulses that are 
conveyed to the brain. The brain immediately responds by 
initiating impulses that travel along the sympathetic nerves 
which innervate the muscular wall of the blood vessels of the 
lower part of the body. The impulses travel down the spinal cord 
(see Figure 1) and then out of the cord to the sympathetic 
ganglia. These are relay stations from where further nerve fibres 
originate which convey the nerve impulses to the smooth 
muscle of the blood vessels. Immediately the impulses arrive, 
the muscles contract. This constricts the blood vessels and forces 
blood to the upper part of the body. Thus the blood supply to 
the brain is restored. 

Standing up is a stress since it tends to alter the internal 
stability of the body. Other similar stresses are happening to us 
continually; changes in the temperature of the environment, 
sudden bursts of physical activity, minor infections and injuries. 
And to each form of stress the sympathetic nervous system 
responds in such a way as to oppose any change taking place in 
the internal environment of the body. 


The Emergency Function of the Sympathico-Adrenal System 


One part of the sympathetic nervous system is adapted to 
deal particularly with sudden and intense stress. This is the 
adrenal medulla. Inset 17 shows that the adrenal gland has two 
, readily distinguishable zones: an inner core, or medulla, and 
an outer cortex. 
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In times of acute stress, nerve impulses arising in the hypo- 
thalamus pass along the sympathetic nerves and stimulate the 
adrenal medulla to pour its secretion into the blood-stream. The 
blood-stream rapidly distributes the secretion throughout the 
body. It is rich in adrenaline which has the property of enhanc- 
ing sympathetic nerve activity. Hence the adrenal medulla helps 
the sympathetic nerves to maintain the constancy of the body’s 
internal environment. This combined operation of the sym- 
pathetic nerves and the adrenal medulla is known in text-books 
of physiology as the emergency function of the sympathico- 
adrenal system. 

As long ago as 1905, Elliot’ noticed that many of the effects 
of increased activity of the sympathetic nerves could be repro- 
duced by injecting adrenaline. This observation led him to 
suggest that sympathetic nerves produce their effects by releas- 
ing adrenaline at their endings. His suggestion was very close 
indeed to the truth. Over forty years later, Euler’ showed that 
the sympathetic nerves release not adrenaline but noradrenaline. 
The only difference between the chemical structures of these two 
compounds is that in the molecule of noradrenaline the nitrogen 
atom carries two hydrogen atoms whereas in adrenaline one of 
the hydrogen atoms is replaced by a methyl group (—CH,). 


HO CH(OH)CH, NH, HO CH(OH)CH,NHCH, 
HO HO 


NORADORENALINE ADRENALINE 


Besides being produced at sympathetic nerve endings, nor- 
adrenaline is present in the secretion of the adrenal medulla. One 
suggestion is that noradrenaline is the penultimate stage in the 
synthesis of adrenaline, and that when it is found in the adrenal 
medullary secretion it may be thought of as ‘immature’ adrena- 
line. 

Adrenaline and noradrenaline, though chemically so similar, 
do show differences in their effects on the body. When they are 
injected, for example, adrenaline is five to ten times more effec- 
tive than noradrenaline in stimulating the liver to release 
glucose. Another point of difference is that the infusion of © 
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adrenaline results in an increased heart rate while noradrenaline 
slows the heart. Nevertheless, in emergency the two act in con- 
cert and prepare the animal to withstand stress. 


Inactivation of Adrenaline and Noradrenaline 


After injection, both adrenaline and noradrenaline disappear 
very rapidly. Only about two or three per cent of each substance 
is excreted unchanged in the urine; the rest is inactivated. For 
some years it has been believed that the chief mode of inactiva- 
tion is oxidation by an enzyme ~— or a group of enzymes — called 
amine oxidases. It has been shown that when these enzymes are 
inactivated with ephedrine, the action of adrenaline is poten- 
tiated. Using radioactive tracer techniques, Schayer® has shown 
that adrenaline inactivation is not a simple process; at least four 
inactivation products can be found in the urine. More recently, 
American workers have shown that one of the major pathways 
of inactivation is through the entry of a methyl group into one of 
the —OH groups attached to the benzene ring. This is followed 
by oxidation of the side chain to yield 3 : methoxy-4: hydroxy- 


HO CH(OH)CH,;NH, CH,O CHIOH)CH,NH, CH,O 7 4+ CHIOH)COOH 
+. ae | 
HOA HO HO ~7 


NORADRENALINE 3-METHOX YNORADRENALINE VMA 
mandelic acid (VMA). When noradrenaline is injected, about 30 
per cent of the injected dose is converted into VMA and 
excreted in the urine. Adrenaline is inactivated by the same 
mechanism. : 

A point of very great interest that arises from the discovery of 
this mode of inactivation is that 3: methoxynoradrenaline, the 
compound formed when the methyl group is substituted into the 
noradrenaline molecule, has a structure resembling that of 
mescaline, the naturally occurring compound that produces 
hallucinations and other profound psychological disturbances.* 

It is well known that prolonged emotional stress will produce 
psychological changes. Indeed, Lidz*, who studied an American 


* D. S. Trouton ‘Psychopharmacology’, Science News, 47 31. 
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CH,O CHyCH, NH, CH,O CH(OH)CH,NH, 
CH,O HO 


MESCALINE 





3:METHOX YNORADRENALINE 


Army division on Guadalcanal in 1944, reported that there were 
more casualties produced by emotional stress than by the com- 
bined efforts of the enemy and the Anopheles mosquito! In such 
a situation, the rate of production and of inactivation of both 
adrenaline and noradrenaline would be very high, and the fas- 
cinating possibility arises that the psychological effects of pro- 
longed stress may be due to the increased concentrations of 
their inactivation products in the blood. 

It has been suggested that VMA is not the end product of the 
inactivation of adrenaline and noradrenaline but that the oxida- 
tion can go a stage further and convert the side chain to 
—COOH. This product is vanillic acid. To investigate this sug- 
gestion. Smith and Bennett’, examined the urine of a number of 
competitors in a recent Royal Automobile Club car rally. These 
competitors were under much stress, having driven for two days 
and nights with only a few minutes’ sleep. Some of them excreted 
many times the normal amount of vanillic acid, and this must 
be considered good evidence that vanillic acid is an excretion 
product of adrenaline and noradrenaline metabolism. 


THB ADRENAL CORTEX 


Since the early work of Cannon, it has been shown that both the 
adrenal medulla and the adrenal cortex are activated in stress 
situations. The activity of the adrenal medulla, as we have seen, 
is under the control of the sympathetic nerves and ultimately the 
hypothalamus. The adrenal cortex does not have a nerve supply; 
its activity is controlled by the pituitary gland. The anterior lobe 
of the pituitary secretes a hormone called the adrenocortico- 
trophic hormone (ACTH) which stimulates the adrenal cortex to 
release its secretion. Long* has put forward the suggestion that 
in times of stress the activity of the adrenal cortex may, to some 
extent, depend on the activity of the adrenal medulla. A dia- 


Stress: The Modern Malady 29 


HYPOTHALAMUS 
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Fig. 2. Diagrammatic representation of the relationship between the 
adrenal medulla, adrenal cortex, and the pituitary gland. The 
dotted line represents the pathway of nerve impulses from the 
hypothalamus to the adrenal medulla. 


grammatic representation of his theory is shown in Figure 2. 
He suggests that the adrenaline discharged by the adrenal 
medulla in response to the stress, is carried by the circulation to 
the pituitary gland. Here it stimulates the anterior lobe of the 
gland to secrete ACTH. This in turn is carried back to the 
adrenal gland where it acts on the cortex and stimulates it to 
release its hormonal secretion. It must be emphasized that this 
is not the only mechanism by means of which the pituitary is 
stimulated. In times of stress, nerve impulses originating in the 
higher cerebral centres stimulate the pituitary to secrete ACTH. 

Long suggested that stimulation by blood-borne adrenaline 
was a rapidly acting mechanism which reinforced the nervous 
mechanism in times of acute stress. Recently his theory has been 
criticized and it is probable that it is at best a gross over- 
simplification. However, an increase in the blood level of adren- 
aline does appear to lead to increased activity of the adrenal 
cortex and Robinson’ has shown that when the blood level of 
adrenaline is below normal - in humans with transections of 




















30 Science News 52 


the spinal cord — the activity of the adrenal cortex is also lower 
than normal. 

The secretion of the adrenal medulla consists mainly of two 
relatively simple compounds: adrenaline and noradrenaline. In 
comparison, the secretion of the adrenal cortex is vastly more 
complex. So far nearly thirty compounds have been isolated 
from it. All belong to the class of compounds known as steroids. 
To indicate their origin, steroids from the adrenal cortex are 
called corticoids. They have rather large and complex mole- 
cules; a typical example, cortisol or hydrocortisone, is shown 
below. 


CH,OH 
HO cH, C=0 
OH 
CH, 
° 
CORTISOL 


Of the thirty or so corticoids present in the secretion of the 
adrenal cortex only seven are physiologically active. These fall 
into three groups: (a) those concerned with the metabolism of 
carbohydrates, (b) those concerned with protein and nitrogen 
metabolism, and (c) those that help to regulate the body’s salt 
and water content. 

The part played by the adrenal cortex in stress is complex 
and incompletely understood. It will be discussed more fully 
later on. The very great importance of the adrenal cortex is seen 
by the effect of its removal on experimental animals. Such 
animals display extreme sensitivity to minor forms of stress. 
Merely giving them a cold bath may kill them. 

Not only is the adrenal cortex essential to the stress response, 
but it is essential to life itself. After its removal, the animals 
invariably die within two or three days even if great pains are 
taken to prevent them from being exposed to any form of stress. 
Such animals can, however, be kept alive for a long time if they 
are regularly given injections of extracts of the adrenal cortex. 
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THE EFFECTS OF SPINAL CORD TRANSECTION 


If the spinal cord is severed, the sympathetic nerves below the 
level of the transection are cut off from the brain; they can no 
longer be controlled by the hypothalamus. From a study of 
Figure | it can be seen that if the spinal cord is severed in the 
cervical (neck) region, the whole of the sympathetic nervous 
system including the adrenal medulla is cut off from the con- 
trol of the hypothalamus. Under these circumstances, a number 
of problems of very great importance and interest arise. For 
example: (a) In their isolation from the control of the hypo- 
thalamus, do the sympathetic nerves become completely in- 
active? (b) Does the adrenal medulla become inactive, or do 
other mechanisms develop by means of which it can become 
activated? (c) What happens to the activity of the adrenal cor- 
tex? (d) Such patients certainly cannot react to stress in the 
normal way because of their spinal cord transections, but can 
they react at all or do they succumb? 

Useful information has been obtained on some of these points 
by experiments on animals. But how far the results of animal 
experiments can be applied to man is always problematical. 
With the establishment in 1944 in Great Britain of a National 
Spinal Injuries Centre the opportunity arose to study the effects 
of spinal cord transection in man. 

Briefly, these studies have so far shown that when the sym- 
pathetic nerves are isolated from the brain they become in- 
active. They can, however, be activated by certain artificial 
stimuli such as distention of the urinary bladder. When the 
adrenal medulla is isolated from the hypothalamus its activity 
becomes greatly diminished, but the gland does not become 
completely inactive. In the same circumstances the activity of 
the adrenal cortex is also lower than that of the normal subject. 
Patients who have suffered accidental cervical spinal cord tran- 
section have sometimes to be subjected to stress stimuli during 
the course of their treatment. This opportunity has been taken 
to study their response to stress. To many forms of stress they 
respond rather poorly. They cannot tolerate rapid changes in 
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the temperature of the environment for example, and if they 
are tilted from the horizontal to the vertical they usually faint 
because they no longer have any control over their sympathetic 
nerves. 

There are two forms of stress, however, to which these 
patients respond rather better than might be expected. These 
are surgical operation and acute infection. After both, the blood 
concentration of adrenaline rises far above the normal value. 
This can only mean that the adrenal medulla is being stimulated 
in some way. Stimulation by the sympathetic nerves is impos- 
sible since the nerves are isolated from the control of the hypo- 
thalamus. The stimulus is, therefore, most probably blood borne. 
Munro and Robinson* have suggested the following explana- 
tion: surgical operations and infections have in common tissue 
damage. When tissue is damaged, histamine is released, and 
histamine is known to be capable of stimulating the adrenal 
medulla directly. It is presumed, therefore, that the histamine 
released at the site of tissue damage is carried by the blood- 
stream and, on perfusing the adrenal medulla, stimulates it to 
release adrenaline. By this means these patients can respond, 
though to a rather limited extent, to these two forms of stress. 


ADAPTATION TO STRESS 


No article on stress would be complete without some comment 
on the work of Hans Selye. He and his colleagues at Montreal 
have published more scientific papers on stress in the last fifteen 
years than any other group of workers in the world. Some of 
Selye’s ideas have been severely criticized, particularly by 
Rosenberg, Woodbury, and Sayers’, but despite this criticism, 
his attempt to produce an all-embracing theory of stress is re- 
garded by some authorities as perhaps the greatest contribution 
to scientific medicine made in this century. 

Much of Selye’s work has been on the effects of prolonged 
stress. He suggests that the body responds to prolonged stress 
by adaptation. The sense in which he uses the word adaptation 
requires some explanation. Consider the stress of the oxygen 
lack that affects climbers at altitudes over about 12,000 feet. 





Stress: The Modern Malady 33 


At this height the partial pressure of oxygen in the atmosphere 
is only about 390 mm of mercury compared with 610mm of 
mercury at sea level. Because of this, the oxygen tension in the 
blood plasma is so low that the red blood corpuscles cannot 
carry oxygen from the lungs to the muscles fast enough for 
climbers to be able to continue climbing normally. Any kind of 
physical work becomes exhausting; they become breathless and 
the heart rate increases greatly. But after a few days, climbers 
become adapted to the lack of oxygen; they can again climb 
at the normal rate without becoming rapidly exhausted. 

On examination of the blood it is found that the number of 
red blood corpuscles has increased from about five million per 
cubic millimetre to six or eight million. Although each corpuscle 
still carries less oxygen than it would at sea level, there are more 
of them. Hence the same amount of oxygen is conveyed from 
the lungs to the muscles as before, and the body has adapted 
successfully to the stress. 

- Selye coined the phrase ‘general adaptation syndrome’ to de- 
scribe the events that occur in prolonged stress. He distinguished 
three phases. 

(a) The alarm reaction in which the body’s auxiliary mechan- 
isms are mobilized, and the sympathico-adrenal system and the 
adrenal cortex activated. 

(b) The stage of resistance in which adaptation takes place 
through the development of a specific means of defence, e.g., the 
increase in the number of red blood corpuscles in the example 
just discussed. In this stage the activity of the sympathico- 
adrenal system and the adrenal cortex return to normal. 

(c) The stage of exhaustion. This stage is only reached if the 
stress is severe and prolonged, and successful adaptation does 
not take place. It resembles the alarm reaction in that the 
sympathico-adrenal system and the adrenal cortex are activated 
again. Death occurs when these two systems become exhausted. 

Besides the general adaptation syndrome, Selye also described 
a ‘local adaptation syndrome’. This occurs in response to local 
tissue damage and is coordinated with the general adaptation 
syndrome. 
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Tissue damage is a common form of stress, and the bodily 
response to this form of stress is always inflammation. The 
response is independent of the nature of the damaging agent. 
Ultra violet rays on the skin, excess hydrochloric acid on the 
stomach wall, organisms on practically all tissue, viruses on 
nerve cells, etc., all cause inflammation. Inflammation is a defen- 
sive mechanism. In Cannon’s terms, it represents fight rather 
than flight. It is the visible manifestation of the local adaptation 
syndrome. Widespread tissue damage evokes the general adap- 
tation syndrome and the adrenal cortex is stimulated. —_, 

Two of the groups of hormones secreted by the adrenal cor- 
tex have an effect on inflammation. The group that regulates the 
body’s salt and water content supports inflammation; these hor- 
mones are therefore called pro-inflammatory corticoids. The 
group that influences carbohydrate metabolism antagonizes 
inflammation and therefore these hormones are called anti- 
inflammatory corticoids. When the general adaptation syndrome 
is evoked preferential secretion of the anti-inflammatory corti- 
coids occurs. 


Diseases of Adaptation 


Many diseases are caused by the direct action of some stress- 
ing agent such as a microbe or a virus; many more, claims Selye, 
are caused not directly by the stressor but by the body’s response 
to it. 

To make this clear, consider what happens when a few bac- 
teria infect the appendix. The tissue swells, becomes inflamed, 
and gives much pain. The result is appendicitis. It is the inflam- 
mation that causes the pain. That is, it is the body's response that 
is the main cause of what is experienced as the disease. Never- 
theless, the inflammation is a useful, healthy response since it 
prevents the invading bacteria from multiplying and spreading 
throughout the whole body. 

Occasionally the bodily response may be disproportionately 
great compared with the stress, and then we have a disease of 
adaptation. An apparently innocuous irritation may cause much 
painful inflammation. A plant pollen, for example, cannot 
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directly damage tissue; nor can it invade the body. Yet some 
people react to it with a violent allergic inflammation. And it is 
the inflammation that is experienced as the disease — a disease of 
adaptation. 

Selye has suggested that many inflammatory diseases of the 
heart and of the kidneys are diseases of adaptation and are the 
result of excessive production of pro-inflammatory corticoids in 
response to rather minor stress stimuli. In support of this sugges- 
tion he has reproduced these diseases — or at least changes very 
similar to them — in chickens by treating them with very large 
doses of pro-inflammatory corticoids. 

He has not, however, been able to reproduce these changes in 
mammals except under grossly artificial conditions. Forexample, 
in rats it was necessary to force them to drink one per cent 
sodium chloride solution and to remove one of their kidneys and 
to treat them with very large doses of pro-inflammatory corti- 
coids. Another piece of evidence against Selye’s idea is that no- 
body has yet been able to demonstrate increased amounts of 
pro-inflammatory corticoids in the blood of persons suffering 
from these diseases. If, on the other hand, the source of the pro- 
inflammatory corticoids is removed by taking out the adrenals, 
there often follows a dramatic regression of the symptoms of 
the disease. 


Treatment of Diseases of Adaptation 


Normally there is a balance between the amounts of pro- and 
anti-inflammatory corticoids secreted by the adrenal cortex. But 
in times of stress the anti-inflammatory corticoids are secreted 
preferentially. It might be expected, therefore, that inflamma- 
tion would be suppressed in times of stress. This is often true. 
It has long been noticed that patients suffering from rheumatic 
diseases — probably the commonest diseases of adaptation — 
experience relief during stress. During pregnancy, for example, 
the pain and joint swelling so characteristic of rheumatoid 
arthritis often disappear. This was one of the observations which 
led Hench to suggest that adrenal cortical hormones might be 
used to treat rheumatic diseases. 





36 Science News 52 


The first adrenal cortical hormone prepared in sufficient 
quantity for a clinical trial was cortisone — an anti-inflammatory 
corticoid. On 21 September 1948, Hench gave the first injection 
of cortisone to a woman with long standing, intractable rheuma- 
toid arthritis. The result was dramatic. Within a short time, com- 
plete suppression of the disease was obtained. Other cases of 
rheumatoid arthritis and rheumatic fever were treated during 
the course of the next winter, and in many cases the same strik- 
ing result was obtained. Hench and his colleagues showed that 
the administration of ACTH also led to dramatic relief from 
rheumatic diseases. In this case the ACTH stimulated the secre- 
tion of endogenous anti-inflammatory corticoids. For this work 
Hench, Kendall, and Reichstein were awarded the Nobel prize 
for Medicine in 1950. 

After the striking success of cortisone and ACTH in the treat- 
ment of rheumatic diseases they were applied to the treatment 
of other inflammatory diseases with equally effective results. 
One of the most distressing forms of inflammatory!reaction is 
the allergic reaction some people show to pollens. Only a few 
years ago, sufferers from allergic asthma were oft.n advised - 
if they could afford it - to take long sea voyages in the summer 
to escape the pollens flying in the air. Nowadays many of these 
sufferers get complete relief simply by taking tablets of cortisone. 

Unfortunately, cortisone and ACTH therapy are not free 
from risk. Excess of any hormone may have harmful side effects, 
and cortisone and ACTH are no exceptions. If a patient receives 
an excess of cortisone or ACTH, he becomes hyper-sensitive to 
infections because jnflammation, the body's natural defence, is 
inhibited. 

Cases have been reported of patients developing active tuber- 
culosis of the lungs during cortisone or ACTH therapy. This is 
usually due to the flare up of an old inactive tuberculous nodule. 
So long as the natural inflam:matory barricade was present, this 
infection was sealed off from the rest of the lungs. But as soon 
as inflammation was inhibited the infection spread throughout 
the lung. Such disasters would be an expensive price to pay for 
relief from a comparatively innocuous inflammation. Effective 
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though they are, cortisone and ACTH therapy are not panaceas; 
they can only be given when adequate safeguards against pos- 
sible harmful side effects can be taken. 

In conclusion it can be said that the body has a very great 
ability to resist many forms of stress; but if the stress is pro- 
longed the body’s resistance may break down and a disease of 
adaptation may develop. 

It is an ironical comment on civilized life that the incidence 
of diseases of adaptation appears to be much lower among 
primitive peoples than it is in civilized man. It is thus with 
some justification that stress has been called ‘the modern 
malady’. 
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RADIATION DAMAGE IN 
METALS 


A. A. JOHNSON 


INTRODUCTION 


Tue development of atomic energy has created entirely new 
metallurgical problems associated with the production of fuels 
and structural components for nuclear reactors. These prob- 
lems have arisen because conditions in a reactor are quite dif- 
ferent from those in any situation in which metals have hitherto 
been employed, One of the chief differences is that in a reactor 
both the fuel elements and the structural components near its 
core are subjected to intense bombardment by neutrons, fission 
fragments, and other particles. The purpose of this article is to 
describe some of the undesirable effects caused by this bom- 
bardment. 

The discussion will be mainly concerned with uranium since 
this is the metal that has been used as a fuel in nearly all the 
reactors so far constructed. It has an unusually complex crystal 
structure and, except at high temperatures, shows marked aniso- 
tropy* in its properties. This anisotropy considerably compli- 
cates its behaviour under irradiation. There are broadly two 
types of radiation damage to be considered. The first arises when 
fast moving particles and fission fragments plough their way 
into the metal lattice and disturb its normal periodicity. The 
second results from the accumulation of fission products, some 
of which are gaseous, in the uranium, with a resultant overall 
decrease in density and the development of porosity in the 
metal, Both types of damage can lead to the rupture of fuel cans 
and, should this happen, the dangerous spread of radioactivity. 


* Having different values in different directions. 
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Early reactors were constructed to provide plutonium for use 
in atomic bombs. The highest yields of fissile plutonium are 
obtained by irradiating uranium for a relatively short time, and 
under these conditions only the first kind of radiation damage 
causes trouble. In a reactor intended for commercial power 
production, however, the life of fuel elements is one of the major 
factors determining its economy, and it is important, therefore, 
that as many of the fissile atoms as possible should be used up 
before the fuel elements have to be replaced. When this is 
attempted the second type of radiation damage becomes the 
more important. 

In the following paragraphs these radiation damage effects in 
uranium will be described, and also some of the methods that 
have been used in attempting to overcome them. It will first be 
necessary to mention some of the anisotropic properties of 
uranium and a peculiar effect known as ‘thermal cycling growth’ 
which arises from them. In conclusion a brief mention will be 
made of radiation damage in metals other than uranium. From 


the argument it will become clear that, although some progress 
has been made towards understanding and controlling radiation 
damage, we are still a long way from understanding the details 
of the physical processes involved. 


SOME PROPERTIES OF URANIUM 


Uranium exists in three allotropic forms, each of which is stable 
over a certain range of temperature. «-Uranium, whose structure 
is orthorhombic and is shown in Figure 1, is stable up to 670° C. 
The £ allotrope is stable between 670° C and 775° C and has a 
complex tetragonal structure with 30 atoms to the unit cell. 
y-Uranium has the isotropic body-centred cubic structure and is 
stable above 775° C. Since very few reactors have a working 
temperature above 670° C, we are concerned here mostly with 
orthorhombic a-uranium. 

The anisotropic crystal structure of a-uranium leads to corre- 
sponding anisotropy in most of its physical properties. Mechani- 
cal measurements on single crystals show that it is more difficult 
to produce plastic yielding under tension along the b axis than 
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Fig. 1. Crystal structure of «-uranium. 


along either the a or c axes, but that the reverse is true under 
compression. An increase in temperature causes expansions 
along the a and c axes, but contraction along the b axis. An 
effect that seems to arise from these anisotropic properties is 
‘thermal cycling growth’. We shall discuss this effect briefly since 
it has some relation to radiation damage. 

Uranium rods are usually prepared either by casting or by 
rolling and in either case the resulting material is polycrystal- 
line, i.e., is made up of a large number of small grains each of 
which is a single crystal. Cast material has randomly oriented 
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grains, but in rolled rods the crystallographic axes of the grains 
tend to be aligned in one direction even after they have been 
annealed. When specimens of these uranium rods are subjected 
to thermal cycling between two temperatures in the « range some 
unexpected effects are observed. A cast rod shows marked sur- 
face roughening, but otherwise its appearance does not change 
noticeably. A rolled rod, however, grows progressively longer 
and thinner in a most surprising way. An example of this effect is 
shown in Inset 12. On the left-hand side is a specimen that has 
been cycled 1,300 times between 50° C and 550° C, and the right- 
hand side shows the effect of continuing the process for 3,..0 
cycles. The rod has grown to nearly six times its original length 
and is correspondingly thinner. 

Under given thermal cycling conditions the growth rate is 
determined mainly by the prior mechanical treatment of the 
rod. It is increased by heavy rolling, which promotes the grain 
alignment, and is also greater in rods with a fine grain size. The 
growth rate per cycle is highest when the temperature range of 
the cycling is large and slow heating is combined with fast 
cooling. 

Although there is still some difference of opinion as to the 
exact mechanism of this growth, it is generally agreed that it 
results from intergranular stresses developed as a result of the 
anisotropic thermal expansion of the individual grains in the 
rods. One version of the theory pictures a ‘thermal ratcheting’ 
based on the flow of grain boundaries at high temperatures. As 
the temperature of a specimen is raised, intergranular stresses 
set up between adjacent grains are relaxed by the movement of 
grain boundaries. This is a process favoured at high tempera- 
tures and one that does not cause any change in the shape of the 
rod. When the temperature is lowered during the succeeding 
part of the thermal cycle, grain boundary flow can no longer 
occur and the reverse set of intergranular stresses is relieved by 
plasticdeformation in whichever grains are weakest. Repetitions 
of the thermal cycle produce further deformation in the same 
grains, thus producing thermal cycling growth in them. In a 
rolled uranium rod the grains are orientated in such a way that 
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there is an overall tendency for growth to occur along the axis 
of the rod. 

With cast uranium the same sort of mechanisms will operate 
but, since the grain orientations are random, there will be no 
tendency for growth in any particular direction. At the free sur- 
faces, where there is no constraint, growth of individual grains 
will give rise to surface roughening. It has been found that the 
best method of preventing growth in rolled uranium rods is to 
randomize the grain structure. This can be achieved by heating 
the metal above the 2-3 transition temperature and then cooling. 
If the cooling is carried out rapidly a fine grain size is obtained 
which helps to reduce surface roughening. The process is then 
known as ‘8 quenching’. 

Another kind of thermal cycling damage arises from aniso- 
tropic dimensional changes in passing through the «- transi- 
tion. Examples of this effect are shown in Inset 13. The specimens 
were originally cylinders of the dimensions shown on the right 
and acquired their distorted shapes after cycling 340 times 
through the transition. To avoid this effect some reactors have 
been designed so that the internal temperature of the fuel 
elements is kept below that of the «—£ transition during opera- 
tion. 


THERMAL SPIKES 


The particles ultimately responsible for radiation damage in a 
reactor are neutrons. All the materials near the core of a reactor 
are subjected to a flux of neutrons and interact with them by 
scattering and absorption. Neutrons produced by fission pro- 
cesses have energies of up to about 2 MeV, but the energy of a 
fully moderated thermal neutron is only about 0-025 eV. At any 
point in a reactor there is a complete spectrum of neutrons with 
energies between these two limits. 

We will consider the scattering of neutrons first. The scatter- 
ing cross-sections of most nuclei are a few barns (1 barn= 
10-** cm*) and the cross-sectional area of a typical atom in a 
solid is about 10-"* cm*. This means that in a material having 
1 barn scattering cross-section a given neutron will, on an aver- 
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age, travel through 10° atoms before it is scattered. Since the 
atomic spacing in a typical metal is about 3 x 10-*cm this means 
that the mean free path between successive scattering processes 
is a few centimetres. In a conventional reactor such as BEPO 
the neutron flux is about 2 x 10'* neutrons cm~? sec~', and 
therefore each atom has a neutron passing through it about 
every ten minutes. In a year (3 x 10’ sec) the probability of a 
given nucleus being struck by a neutron is about 0-006 per 
cent. 

The energy required to displace an ion from a lattice site in a 
metal, with the creation of a vacant lattice site and an intersti- 
tial atom, is of the order of 25 eV. Not all neutrons, therefore, 
will be able to impart sufficient energy to a struck nucleus to 
create such a vacancy-interstitial pair. On the other hand a 
highly energetic unmoderated fission neutron will impart far 
more than 25 eV. Under these conditions the forces binding an 
ion to its lattice site are negligible and a simple application of 
the laws of the conservation of energy and momentum to ‘bil- 
liard ball’ mechanics enables us to calculate the maximum 
kinetic energy, Emax, that a neutron of mass M, and energy E 
can impart to a nucleus of mass M,, in a head-on collision. 

4M,M, 


Emax =———. 

(M, +M,) 

For a typical metal Emax works out to be a few tenths of 1 MeV. 

The fact that the struck atom acquires such a high kinetic 

energy means that it ploughs its way through the surrounding 

lattice with a speed of more than 100 times the speed of sound 

in the lattice. Such a fast-moving ion is known as a ‘primary 
knock-on’. 

Absorption cross-sections vary greatly from one nucleus to 
another and also depend on the neutron energy. For high 
neutron energies the absorption cross-section is usually much 
less than the scattering cross-section of the same nucleus. At 
intermediate energies (10eV to 01 MeV) resonances often 
occur at critical energies and the absorption cross-section rises 
to several hundred times its normal level. Below 10¢V the 


(1) 
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cross-section increases with decreasing neutron energy. New 
nuclei formed by the absorption of a neutron are often unstable. 
Transmutation may occur in which a nucleus of a different 
element is produced by the emission of an « or £8 particle, often 
accompanied by one or more y rays. Alternatively, if the absorb- 
ing nucleus is one of a heavy fuel element, such as uranium, it 
will split into two fission fragments, a number of other particles, 
and a good deal of energy. An example of one of the many pos- 
sible fission reactions is: 
"U+n— “Sr+'*Xe+2n + ~160 MeV (2) 

The fission fragments may themselves be unstable, and in fact 
the ‘**Xe nucleus formed in the above reaction decays succes- 
sively into isotopes of caesium, barium, lanthanum, and cerium, 
with the emission of a £8 particle at each stage: 


B B B B 
M4°Xe —)> 140g on M°Ra —)> 407 a —)> 4°Ce (3) 

Most of the energy liberated by fission processes appears as 
kinetic energy of the fission fragments. In the reaction quoted 
above each of the two neutrons emitted has about 2 MeV of 
energy and the rest is shared between the strontium and xenon 
isotopes. These fission fragments therefore have many hundred 
times more kinetic energy than even the primary knock-ons. 
Because of their great velocities the fission fragments are heavily 
ionized as they travel through the lattice and may lose as many 
as twenty electrons. Primary knock-ons, however, are never 
more than singly ionized. Both neutron scattering and absorp- 
tion, therefore, produce fast moving ions, and we now have to 
consider how these interact with the lattice as they travel 
through it. Of the other particles produced as a result of neutron 
absorption, we note that only the a particles are massive enough 
to contribute significantly to radiation damage, and that these 
may be considered as another type of fast moving ion. 

The prediction of the behaviour of a fast moving ion as it 
ploughs its way through a metal lattice is a difficult problem in 
theoretical physics and one that has never been completely 
solved. We shall only need to discuss the qualitative results of 
the analysis in order to show how far it has been taken and, 
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later, to discuss how the results have been used in interpreting 
radiation damage experiments. 

There are two ways in which a fast moving ion can interact 
with an ion in a metal lattice. If the moving ion is sufficiently 
fast, repulsion between the electron clouds of the two ions is 
unimportant and the interaction is essentially between the two 
nuclei. This kind of interaction is known as Rutherford scatter- 
ing and it was, of course, from such experiments that Ruther- 
ford first deduced the existence of the atomic nucleus. Fission 
fragments experience Rutherford-type scattering in all metals 
until their kinetic energies drop below about 2 MeV, but fission 
neutrons only do so in the lighter metals. The cross-section for 
Rutherford scattering is about 10’ barns, and whenever the 
velocity of an ion is high enough for this type of scattering to 
occur sufficient energy is transferred to the struck ion to dis- 
place it from its lattice site. Since a typical atomic cross-section 
is 10° barns, a Rutherford scattering process will occur about 
every 100 atomic spacings along the path of the ion. 

As a fast ion loses energy by successive collisions, the second 
type of interaction, which consists of electrical repulsion be- 
tween the electron clouds of the two ions, becomes more impor- 
tant. The cross-section for this kind of collision is considerably 
greater than for Rutherford scattering and collisions occur 
closer together. The ion therefore loses its kinetic energy rapidly, 
and a dense cluster of vacancy-interstitial pairs is created 
(Figure 2). So much energy is imparted to the lattice in the 
region of the cluster that, for a short period (about 10~'* sec), 
this small region of the lattice is effectively molten. Such a 
region, which has been caused to melt and freeze again very 
rapidly as it brings a fast ion to rest, is called a ‘thermal spike’. 
Unfortunately it is not possible to predict what happens as the 
thermal spike freezes. Certainly some of the vacancies will re- 
combine with interstitial atoms, and there are also many ways 
in which groups of vacancies can condense to form stable aggre- 
gates. Most of the remaining interstitial atoms probably diffuse 
through the lattice until they find somewhere, such as a free 
surface, where they can take up stable positions. Very few 
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Fig. 2. A schematic diagram of a cascade of atomic displacements 
produced by a fast-moving ion. 
© vacant lattice site 
@ interstitial atom 


experiments have been performed which throw any light on the 
behaviour of thermal spikes on freezing and until some are 
carried out it is unlikely that we shall learn much more about 
them, since the subject is not one that lends itself to theoretical 
treatment. 

In a typical thermal spike, such as might be produced in cop- 
per by the head-on collision of a 2 MeV neutron with a copper 
ion, something like a thousand vacancy-interstitial pairs are pro- 
duced. We showed earlier that in a conventional reactor the 
probability of a given nucleus in a metal being struck by a 
neutron during a year is about 0-006 per cent. Taking into 
account the fact that some neutrons will produce small thermal 
spikes and some none at all, we can roughly estimate that in this 
time something like 1 per cent of all the atoms under irradiation 
in such a reactor are displaced from their lattice sites. A fissile 
material such as uranium receives even more drastic treaiment. 
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Each thermal spike produced by stopping a fission fragment has 
about 25,000 vacancy-interstitial pairs. This means that, during 
a year’s operation, each atom in a uranium fuel element is 
khocked off its lattice site several times. 


RADIATION GROWTH 


Now that some of the theoretical predictions that can be made 
about the fundamental processes of radiation damage have been 
discussed we will turn to the experimental results to see what 
actually happens to the measurable physical properties of 
materials under irradiation. 

The first effect to be described is known as ‘radiation growth’ 
which, in some ways, is analogous to the thermal cycling growth 
mentioned earlier. When a rolled uranium rod is irradiated it 
becomes longer and thinner in much the same way as a similar 
rod subjected to thermal cycling, and in fact under operating 
conditions a reactor fuel element will show both effects concur- 
rently. Some examples of this radiation growth are shown in 
Inset 14. The specimen on the left was rolled and then 8 quenched 
to give a fine grain size with random orientation. The other 
specimens were all initially of the same dimensions as the first 
but were rolled to different extents before being machined to 
their final size. Another effect that occurs at the same time as 
radiation growth is known as ‘wrinkling’, another surface 
roughening effect not unlike that produced by thermal cycling. 
An example of wrinkling in a uranium fuel element is shown in 
Inset 15. Because of the difficulties of handling and photograph- 
ing an intensely active used fuel element this photograph was 
obtained by remotely pressing lead foils against the bars to 
obtain replicas of the surface and then photographing the 
replicas. 

One theory that attempts to explain radiation growth and 
wrinkling does so in terms of thermal spikes and the anisotropic 
mechanical properties of uranium. According to this theory the 
material surrounding the thermal spike is under compression 
while the spike is being formed so it yields preferentially in 
the 5b direction. During cooling, however, the compressive 
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Stresses are replaced by tensile stresses and deformation 
occurs most easily normal to the b direction. The net result is an 
elongation in the } direction. Since there is a tendency for the 
grains to have their b axes aligned along the axis of the rod this 
mechanism can explain the observed increased length of the 
rods. Experiments on single crystals of uranium have clearly 
shown this extension in the 6 direction, and also that there is a 
corresponding contraction in the a direction and virtually no 
change in length in the c direction. Another theory explains the 
effects by assuming that the vacancies and interstitial atoms 
created at thermal spikes diffuse preferentially in appropriate 
directions to give the observed dimensional changes. 

As would be expected, radiation growth can be avoided by 
8 quenching the rods so that they have a randomized grain struc- 
ture. Wrinkling is minimized by using material with a small 
grain size, and hence the conditions for avoiding radiation 
growth are much the same as those for avoiding thermal cycling 
growth. The finest grain sizes are obtained by adding small 
quantities of alloying elements to the uranium befor: 8 quench- 
ing, and experiments are still in progress to determine which 
are the best alloying elements to use. Because it is at least partly 
understood, and can be avoided, radiation growth is not now 
regarded as an important technological problem. Far more 
important is the phenomenon of swelling. 


RADIATION SWELLING 


A statistical study of the sizes of fission fragments shows that 
there is a definite tendency for the two fragments produced by 
the fission of a given nucleus to be unequal in size. This is illus- 
trated in Figure 3 which shows graphically the percentage of 
fission fragments having a particular atomic weight. The curve 
has two maxima near atomic weights 94 and 140, which means 
that there is a preponderance of atoms with atomic weights near 
these values in the fission products. It happens that the atomic 
weights of the inert gases krypton ard xenon come near to these 
maxima and for this reason the fission products contain about 
10 per cent of these gases alone. A simple calculation shows that 








Radiation Damage in Metals 


FISSION YIELD % 








80 100 120 140 160 


ATOMIC WEIGHT 


Fig. 3. The size distribution of fission fragments from *°*U. 


if fission occurs in 1 per cent of the atoms in uranium (1 per cent 
‘burn-up’) the krypton and xenon produced from | cc of the 
metal is equivalent to 4-7 cc of gas at N.T.P. It is usually pre- 
sumed that this gas is responsible for a porosity in the metal 
which is easily visible when a section is examined under a 
microscope. There is as yet no direct evidence to justify this 
assumption and it is still possible that this is not the correct 
explanation. An example is shown in Inset 16 in which the 
porosity was produced by 0-1 per cent burn-up and was accom- 
panied by a 13 per cent reduction in the density of the material. 
Larger burn-ups can result in the complete disruption of the 
metal. 

Unless something is done to avoid it, swelling leads to rupture 
of the conventional type of fuel element can and the possible 
spread of radioactivity. The study of swelling is, as yet, in a very 
rudimentary stage and it is not clear what is the best way of 
preventing it. It is obvious that by constructing a sufficiently 
strong can with one end open the uranium can be contained in 
it, because swelling will then only lead to extrusion of the metal 
up the inside of the can. By doing this, however, many neutrons 
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are lost by parasitic absorption in the canning material, and this 
is uneconomical. Another approach is to develop an alloy of 
uranium with better mechanical properties than the pure metal 
so that a higher internal gas pressure is reached before swelling 
commences. Good irradiation behaviour has been obtained with 
certain molybdenum-uranium alloys, but unfortunately molyb- 
denum has a relatively high absorption cross-section for neu- 
trons and this makes its use economically unfavourable. 

If the gases were removed as they were formed the problem 
of swelling would not arise and attempts have been made to 
design a fuel on this basis. One idea was to take particles of 
uranium powder of about 20 microns diameter and loosely 
sinter them to give a material with interconnecting pores. It was 
supposed that gas atoms would always find themselves near 
enough to one of the pores to be able to diffuse to it and escape 
via a network of connecting pores, into the atmosphere. Unfor- 
tunately this idea did not work. The reasons for its failure are 
not clear, but it was perhaps because, even in these small par- 
ticles, the gas nucleated to form bubbles before reaching a free 
surface. A further possibility is the use of liquid fuels in which 
uranium is dissolved in a liquid metal solvent. Gases would then 
go out of solution as they were formed and the fuel could be 
cycled through the reactor and be removed at intervals for 
replenishment and the removal of fission products. Unfortun- 
ately no solvent with the required properties has yet been found 
which will dissolve sufficient uranium. 

There are other possibilities such as the use of the so-called 
‘dispersed’ fuels in which uranium in the form of discreet par- 
ticles is embedded in a matrix of non-fissile material. The prob- 
lem is to select the method of overcoming swelling which, bear- 
ing in mind certain other factors in reactor design, is the most 
economical. Our success or failure in doing so will be one of 
the major factors influencing the economy of large-scale nuclear 
power production. 


NON-FISSILE MATERIALS 
Radiation damage has been studied in many metals other than 
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uranium, but has so far not given rise to any serious techno- 
logical problems. Perhaps the most important effect observed is 
the radiation embrittlement of body-centred cubic metals. Most 
of the high melting-point body-centred cubic metals such as 
iron, molybdenum, niobium, and tungsten, shown a sudden tran- 
sition from ductile to brittle behaviour as the temperature is 
lowered. The temperature at which this change occurs is known 
as the ductile-brittle transition temperature. Figure 4 illus- 
trates the tensile properties of a typical batch of molybdenum. 
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Fig. 4. The ductile-brittle transition in molybdenum. 
(a) The brittle fracture stress-temperature curve. 
(b) The yield stress~temperature curve. 
The two curves intersect at the ductile-brittle transition tempera- 
ture, T;. 


Below the transition temperature, 7;, the material is brittle and 
its fracture strength is nearly independent of temperature. Above 
the transition it is ductile and the yield stress falls off rapidly 
with increasing temperature. When such a metal is irradiated 
both the fracture stress and yield stress curves are raised, but 
in such a way that the transition temperature is increased also. 
This increase in transition temperature may amount to several 
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tens of degrees and a material that is normally ductile at room 
temperature can become completely brittle after irradiation. 

The ductile-brittle transition temperature of an unirradiated 
metal is influenced by many factors such as grain size, degree of 
cold-work, and impurity content, but, for a given metal, its 
value seems to be determined chiefly by the rapid increase in 
yield stress with decreasing temperature which occurs over a 
temperature range characteristic of each metal. It is only quite 
recently that a theory has been developed which attempts to 
explain the fundamental nature of the transition and the ways 
in which it is influenced by the various factors mentioned above. 
It is therefore not surprising that we do not yet understand the 
further complications introduced by irradiation. Radiation em- 
brittlement of structural components must be borne in mind by 
reactor designers, but it is fortunate that most of the effects of 
radiation damage in non-fissile materials, including embrittle- 
ment, can be removed by suitable annealing. This means that 
in many reactors with a high operating temperature the damage 
anneals out as it is formed and embrittlement does not occur. 

The effects of neutron irradiation on many other properties 
of metals such as their electrical conductivity, thermal conduc- 
tivity, hardness, and creep strength have been studied, but un- 
fortunately like those already mentioned, the results are so com- 
plex that usually only tentative interpretations can be given. It 
seems as though a fuller understanding of the subject will have 
to await the development of more refined techniques for study- 
ing lattice defects in metals. One promising line of research is 
the method of transmission electron microscopy which is 
already capable of observing single dislocations. 
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THE SCIENCE OF 
DENTAL MATERIALS 


R. H. ROYDHOUSE 


DENTAL Materials, a dental science, is the application of 
physics and chemistry to the problem of the restoration of lost 
dental structures. Crowns, bridges, inlays, fillings, partial and 
full dentures must withstand many physical and chemical 
attacks; fabrication demands a high degree of accuracy. The 
materials of construction are restricted in physical and chemical 
properties because they are used on or in a living structure. This 
science enabled dentists to improve the time-honoured remedies 
used in restorative techniques, and recently accumulated know- 
ledge has allowed the selection and trial of some new materials. 

In 1861 John Tomes of London investigated the metallurgy of 
silver amalgam. G. V. Black of Chicago in 1895 systematically 
analysed the properties of the same material. The first large- 
scale scientific investigation in Dental Materials was under- 
taken in 1919 by the National Bureau of Standards, Washington, 
D.C., when research was begun so that Federal specifications 
could be published. The American Dental Association has sup- 
ported this prograinme since 1928 and many specifications for 
the guidance of dental departments, dentists, and manufacturers 
have been published. In Australia in 1936 the Commonwealth 
Bureau of Dental Standards was established in the grounds of 
the University of Melbourne for similar work. Apart from these 
bureaux, much research is at present done at many dental 
schools by the teachers of the subject, Dental Materials; manu- 
facturers also undertake research to improve their products. 
Only recently has pure research been used to predict the be- 
haviour of a material for dental restorations; this perhaps sig- 
nalizes the coming of age of Dental Materials. 
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A description of the difficulties in making restorations to be 
placed in mouths and a description of some of the materials used 
will illustrate the aims and results of the Science of Dental 
Materials. 


THE MOUTH 


Teeth sustain all manner of onslaughts. Physical assaults occur 
during the mastication of food, and there are the chemical effects 
of the various liquids and solids that may be eaten; as if that 
were not enough, the mouth teems with bacteria and all their 
products, 

The physical effects of mastication are limited by the pain 
caused in dental structures by the force from the muscles, and 
up to 100 pounds weight may be exerted between the jaws. How- 
ever, although the potential to do so is present, people do not eat 
on the pile-driver principle. Occasional hardy souls may crack 
walnut shells, but the civilized world either does not chew, or 
uses a side-to-side movement of the lower jaw. This grinding of 
teeth under pressure crushes food or cuts it in a scissor-like 
fashion; a controlled chopping movement is used by those who 
cannot unlock their teeth for free swinging sideways movements. 
The forces upon teeth may be of a low value, with the load 
applied intermittently, or of high value with slow rate of loading 
(chewing steak as opposed to cracking raspberry seeds), 

The frequency of these forces is high, for we eat from three 
to six times daily, we bite pipes, pencil ends, fingernails, we grind 
and clench our teeth in anxious moments, and so on. The results 
are the abrasion and the occasional fractures of the teeth, dental 
appliances, and restorations. 

Chemical attacks arise from two sources; food and bacterial 
action. A moment's contemplation of the chemical nature of our 
diet shows the sources of attack. Citric and similar acids from 
fruit, acetic acid from vinegar, tannin from tea, ethyl alcohol on 
occasions, spices, peppers, the constituents of pa'ent medicines, 
carbonated drinks, to mention a few. Bacteria form acid in 
quantities sufficient to give a pH of 4-4 or less in various areas, 
and lactic, acetic, propionic, formic, butyric, pyruvic, and tar- 
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taric acid can be found in varying concentrations in isolated 
areas around the teeth. Hydrochloric acid is often regurgitated 
from the stomach, even unconsciously. Chelating agents and 
various enzymes are found in saliva. One of the effects of such 
an environment on teeth is dental caries, which, aided by the 
physical effects of mastication, causes the disintegration of teeth. 

The effects of temperature, humidity, and saliva should be 
noted. Ordinarily at 37° C and moist, the teeth are dried occa- 
sionally from enforced or habital mouth breathing (a blocked 
nose from a cold). At any time a deluge of liquid at 60-65° C (tea 
or coffee) or at 4° C (iced or chilled carbonated drinks) may be 
poured over the dentition; alternation between hot coffee and 
ice cream is not unknown, and one can suspect that during this 
change of temperature, considerable expansion and contrac- 
tion of restorations and teeth may occur. Saliva contains salt, 
0-6-0-7 per cent by weight, and is an electrolyte; place dissimilar 
metals in such a solution, a current flows and corrosion occurs. 
The effect is not pleasant; most people with fillings have felt the 
effects of a stray piece of tinfoil from the covering of choco- 
lates in contact with amalgam or gold. 

The choice of materials is affected by the design of restora- 
tions. Teeth have an outer extremely hard covering called 
enamel, resistant to abrasion but brittle; beneath this is the 
dentine, a softer, more elastic material which supports the 
enamel and dissipates the shocks of mastication. Vital to the 
complete health of the tooth is the pulp (colloquially known as 
the nerve); this is in the centre of the tooth and is sensitive to 
heat and small electrical currents. Not at any time should the 
dental pulp be exposed to the atmosphere, to infection, or to 
overheating, because its recuperative power is low. Thus the 
shape and size of a dental restoration are, severely limited. 
Replacements have the external shape of the lost portions; on 
these natural contours the health of the surrounding soft tissues 
or gum depends. One cannot merely fill the hole that is present, 
for the restoration (as it is properly called, rather than ‘filling’) 
must remain in place; design must be such that dislodgment of 
the restoration is prevented. The dentist prepares a cavity, that 
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is, the enlargement of the original hole in the tooth, with a shape 
such that the restoration cannot come out, or is always forced 
into place during mastication. The design of such cavities is a 
subject in itself. Another hazard to be avoided is the replace- 
ment of a relatively non-conductive material such as tooth 
enamel with a large bulk of metal; the effects of hot and cold 
stimuli upon a pulp are deleterious even if not painful. 

The choice of material and cavity design depend upon the 
site and extent of the decay, the shape and situation of the 
tooth, its use by the patient, the health of the pulp and surround- 
ing tissues, the cost in money and time, the patient’s wishes, 
the appearance and so on, to mention but a few influences. 
Figure | illustrates some of these points. 


Fig. 1: The effects of dental caries and the restoration of the damage 
shown in cross-sections. 


A short classification of the restorative materials to be de- 
scribed is given in Table 1. The restorative materials, that is, 
those that are used to replace portions of a tooth, and in some 
cases, whole teeth, can be subdivided into plastic and inlay 
materials. The term ‘plastic’ here indicates that the material at 
some stage is of such consistency or state that it may be placed 
in an undercut cavity (Figure 2) and therein becomes hard. An 
inlay cavity is one that has a definite divergence of walls and the 














The Science of Dental Materials 57 


TABLEI: A classification of restorative materials 








Plastic Materials Inlay Materials 
Restorations Metallic colour 
Silver Amalgam Gold Alloys 


Silicate Cement 


Self-curing Acrylic Resin White colour 
Gold Foil Fused Porcelain 


Linings 
Zinc Phosphate Cement 
Zilnc Oxide-Eugenol 














restoration may be manufactured outside the mouth, seated into 
the cavity and cemented in place. 


PLASTIC MATERIALS 
Silver Amalgam 


The familiar greyish metallic material makes up perhaps 
about 60 per cent or more of all restorative materials used; it is 
customarily used in molars or where appearance is of little con- 
cern. In Paris in 1826, M. Taveau showed that a mixture of 
mercury with bismuth, lead, tin, and silver formed a plastic mass 
which eventually hardened. This material replaced a fusible 
alloy of similar metals that is liquid at 140° F, and was at that 
time poured into the cavity! 

Nowadays the amalgam consists of filings of an alloy of silver 
and tin, and perhaps a little zinc. These particles are ground up 
by the dentist with a given amount of mercury in a mortar. 
Some mercury combines with the silver and tin to form quasi- 
chemical compounds, the remainder of the mercury keeps the 
mass plastic. After grinding, usually called trituration, some of 
the excess mercury is removed by squeezing the amalgam in a 
chamois leather cloth. This produces a consistency suitable for 
packing into all crevices of the cavity. During condensation, as 
it is called, the remaining excess mercury is squeezed out and 
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Fig. 2. The difference in design of the cavities when plastic or inlay 
materials are used. 


removed, but, although as much is removed as can be, 45 per 
cent remains under all conditions. The less the mercury content, 
the greater the resistance to forces. The restoration is built up, 
excess mercury squeezed out, and the restoration is carved to the 
correct outline and contours. 

Expansion (or contraction) occurs as the silver amalgam crys- 
tallizes. A slight expansion of 5 to 10 microns per centimetre 
is desirable to ensure.a snug fit. 

Over-expansion causes pain and the restoration sprouts out 
of the cavity. The earliest varieties expanded wildly; in 1895 
Black produced a formula that was reasonably stable. In 1935, 
the effects of contamination by moisture at any stage prior to 
setting was shown by Angel and Crowell in America to be due 
to electrolysis within the restoration which, by producing hydro- 
gen, causes excessive expansion. Contamination by moisture 
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must therefore be avoided at all costs. Not until 1954 were all 
the factors behind expansion carefully delineated; Ware and 
Docking of the Bureau of Dental Standards, Melbourne, showed 
that expansion of the amalgam in the cavity depended mainly 
upon the amount of work exerted upon the mixture during 
trituration, and during condensation in the cavity. The more 
the mixing, the less the expansion; contraction even may occur. 
Over-trituration causes contraction of the restoration and thus 
leakage. Under-condensation has deleterious effects on strength, 
owing to the presence of more than 45 per cent mercury. 

After 24 hours the amalgam is hard enough to polish and 
should be brought to a shiny smooth finish; the surface layer is 
then more homogeneous in nature and is less likely to corrode. 

Under the intermittent forces of mastication amalgam has a 
tendency to flow. Small projections of amalgam are avoided, 
because its impact strength is low. Restorations fail because 
edges or even sections may break off, because gaps open up 
around the edges (excessive contraction) or because the amal- 
gam slowly flows out of the cavity. A good amalgam restoration 


may last a lifetime if the cavity is carefully designed and the 
rules for obtaining a small expansion are followed. The colour 
is scarcely satisfactory but is tolerated; a material less suscep- 
tible to flow is nevertheless desirable. 


Cements 


These materials are supplied as a powder and a liquid which 
are mixed to a thick viscous paste. This may then be placed in 
a cavity where it sets hard. There are two varieties, those used 
as linings and those used as restorations of the surface in areas 
where masticatory forces will be low; the former type includes 
zinc phosphate cement and zinc-oxide-eugenol mixtures, and 
the latter type, silicate cement and self-curing acrylic resin. 
Linings of a bland material are used to replace lost tooth tissue, 
particularly dentine, and to protect the pulp from thermal and 
electrical stimuli. A good cement has a thermal and electrical 
co-efficient of conduction similar to dentine. 

Zinc phosphate cement is a mixture of zinc oxide and ortho- 
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phosphoric acid, and is applied as a lining overdentine. The mini- 
mum amount of acid is used because the dentine is penetrated 
by numerous small fibrils from the pulp; the effect of cutting 
dentine with a bur is well known, and the application of phos- 
phoric acid to such surfaces is likewise undesirable. The set 
cement is neutral in pH and is a mass of unchanged zinc oxide 
held together by crystals of zinc phosphate. It is, however, 
soluble in saliva. 

Zinc-oxide-eugenol mixtures are probably the oldest filling 
materials; oil of cloves (eugenol) has been used for centuries for 
the relief of toothache. In the presence of moisture the mixture 
produces a solid, composed of long, sheath-like crystals of zinc 
eugenolate, a chelate-type compound, holding together masses 
of unchanged zinc oxide. This has little strength and is used 
beneath restorations as a soothing lining. When used as a tem- 
porary restoration, the taste of oil of cloves may linger for days. 

Silicate cements illustrate the parlous state of restorative 
materials. Although unsatisfactory in most ways except original 
colour, the material has been used since 1904. After mixing con- 
trolled proportions of ortho-phosphoric acid and a powder 
made of fused silica, alumina and lime that is crushed, ground, 
and pigmented, a white solid composed of a silicic acid gel hold- 
ing the unchanged fused metallic oxides is formed. This material 
must never be contaminated by moisture before setting, because 
this destroys its strength; nor must it be dried after setting because 
the water-loss of the silicic acid gel is irreversible. To gain maxi- 
mum strength, the greatest amount of powder possible must be 
used, for the unchanged powder produces the surface hardness; 
but the amount of powder used affects the rate of setting. To 
delay the setting reaction, a cooled glass slab must be used; but 
the cooling of the slab is determined by the dew point of the 
atmosphere; condensation of moisture on the glass slab must be 
avoided, because this alters the proportions and so the setting 
rate and strength. Ingenious methods are used to get the maxi- 
mum incorporation of powder in the liquid with a reasonable 
setting time. Mixing of measured proportions in a rubber finger 
stall beneath iced water is an excellent method — less expensive 
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than the system employed by an American dentist whose air- 
conditioning plant produced Arctic conditions, solely for the 
insertion of silicate cements. Silicate cement is poisonous to the 
pulp of a tooth and zinc phosphate cement is always used be- 
neath such a restoration. Owing to its brittle nature, silicate 
cement can only be used where the forces from the mastication 
of food are low. The material is liable to discolour and is 
partially soluble in saliva. 

With all precautions and skill, and perhaps a little luck, sili- 
cate restorations lasting ten or more years can be inserted; only 
too often, however, discoloration and disintegration occur. As 
a restorative material it is almost a complete failure, but no 
substitute is available. Bowen in U.S.A. has been experimenting 
for some time with fused silica particles bonded together by an 
epoxy resin, but to date the poisonous materials necessary for 
polymerization of the resin have proved a handicap. 

Self-curing acrylic resin became available after World War II; 
the Germans had tried to use this during the war as a substitute 
for metals in the mouth. Methyl methacrylate (Perspex) is the 
basis of the material; the polymer in powder form is mixed with 
the liquid monomer and catalysts to form a dough; the poly- 
merization reaction in the liquid joins the powder together and 
so the plastic dough becomes hard. The strength and the resist- 
ance to flow of the solid are not high, but the colour of the 
material may be chosen so that invisible restorations are pro- 
duced. The coefficient of expansion of acrylic resin is, however, 
about eight to ten times greater than that of teeth, and a pheno- 
menon called percolation occurs. With the variation in tem- 
perature previously mentioned, the contraction and expansion 
of the tooth and restoration may vary so that a gap estimated at 
10-20 microns wide opens and shuts about the edges of the 
restorations; this acts like a pump and saliva, bacteria, and food 
pass in between the restoration and the tooth. Thus the filling is 
not much better than the hole that it replaced. This phenomenon 
has been observed microscopically. It may occur with other 
materials, so in the search for suitable restorative materials, the 
coefficient of thermal expansion plays an important part. 
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Since 1810 gold foil has been used for restorations; 99-99 per 
cent gold in the form of strips or small pellets is placed within a 
specially shaped cavity and the particles are joined by hammering 
them together. The gold must be free from all traces of moisture 
and grease, for the welding arises from intimate contact, at the 
atomic level. Under ordinary conditions pure gold particles are 
non-cohesive, that is, will not cold-weld under pressure; how- 
ever, when pellets of the material are heated on a mica tray over 
a spirit flame, all grease burns off and most of the occluded gases 
are removed; the gold is then cohesive and discrete particles 
tend to stick together. If these be forcibly opposed, joining 
occurs. 

The insertion of gold foil restorations resembles panel beating 
on cars; each piece of gold foil is annealed and placed in the 
cavity; a smart blow is administered and the gold foil pellet joins 
on the mass being built up. The operator works with a mallet 
and a plugger, or with mechanically or air driven pluggers; the 
greater the number of blows or the harder the blows, the greater 
the work-hardening that occurs. Extremely successful durable 


restorations are built up, but the endurance of the patient is 
severely tested and the use of gold foil is limited by the pain 
that the operation causes. Great skill in its use and insertion has 
been developed on the American continent. 


INLAY MATERIALS 


Superior physical and chemical properties are possible when the 
restoration is fabricated in the dentist’s laboratory. But such 
methods are limited because the cavities must be free from 
undercuts and must have diverging walls. The restorations are 
made so that they slide into the cavity. The design must be such 
that all forces upon the restoration tend to drive it further in; 
no adhesives are yet available for use orally. The design of such 
cavities is a study in the application of mechanics; some typical 
designs are shown in Figure 2. 

Assuming then that suitably shaped cavities are prepared, two 
methods may be used; in the direct procedures, wax is shaped in 
the cavity to the desired outlines and this wax pattern is re- 
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moved. In the indirect techniques the site of the restoration is 
reproduced; the replica is made of very hard gypsum, electro- 
plated copper or silver, or of amalgam, and the wax pattern and 
restoration are prepared outside the mouth. The replication is 
done by taking an impression of the region in an impression 
material; this necessarily accurate negative reproduction is then 
plated, or filled with artificial dental stone, a gypsum-based 
material. When the stone has set, the impression is removed and 
all the work is done on the accurate reproduction of the oral 
structures. The retention of the restoration in the tooth depends 
on design and upon cementation; the gap left around the junc- 
tion of tooth and restoration must be less than a micron in size, 
because bacteria, in particular, lactobacillus acidophilus, and 
the various streptococci, prolific producers of acids, are not much 
bigger. Assuming that the design ensures that the masticatory 
forces tend to reseat the restoration, resistance to withdrawal 
(such as sticky toffee causes) comes from the ‘keying’ action of 
the cement (Figure 3). Zinc phosphate or self-curing acrylic 





MOVEMENT IN THIS DIRECTIONS 
1S PREVENTED 


Fig. 3. The keying action of cements. 


resin as cements are used, and these should also act as sealing 
agents. Nevertheless accuracy of fit is essential, and accuracy 
here means fabrication with a tolerance in terms of a few 
microns. 

Turning to the materials used, we consider gold alloys and 
the casting process, and porcelain with its firing techniques. 
With the former, direct and indirect techniques are used, while 
with the latter, indirect techniques only are possible. 
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The direct technique 


The dentist softens in a flame or in a water-bath a piece of 
wax, traditionally blue to provide a contrast to the white tooth; 
he then applies this to the cavity and presses the wax into all 
crevices, The wax should be plastic at a temperature tolerable to 
the tooth and yet hard at mouth temperature. The wax restora- 
tion is carved to the correct contour and attached is a small 
hollow tube filled with wax; this sprue, as it is called, is used 
to withdraw the wax pattern from the cavity and to maintain 
the pattern in position as the mould is made (Figure 4). The hole 
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Fig. 4. The preparation of a mould for casting gold inlays. 


that the sprue leaves when withdrawn from the mould is the 
passage-way down which the metal will pass to fill the space 
formerly occupied by the wax. 

The sprue and pattern are set up in a little device over which 
clips a container; into this container and surrounding the wax 
pattern, investment is poured. Investment, a mixture of some 
form of silica and artificial dental stone, sets hard when mixed 
with water. The stone provides strength to the mould at room 
temperature, the silica acts as a binder for the mass above 
200° C. On heating the silica expands, and so the mould space 
enlarges. 

After the investment has set and dried, the sprue and sprue- 
holder are removed and the investment mould is heated to about 
700° C. The wax melts and burns away, leaving a space and the 
whole mould expands. This method of mould production is 
called the ‘cire perdue’ or lost wax technique and has been 
known and used for centuries; dentists have used the technique 
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1. The Tsetse fly, Glossina moristans Westwood. (Photo: S.A.Smith) 


2. A horse-fly of the family Tabanidae. (Photo: J. L. Cloudsley- 
Thompson) 
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clips a container; into this container and surrounding the wax 
pattern, investment is poured. Investment, a mixture of some 
form of silica and artificial dental stone, sets hard when mixed 
with water. The stone provides strength to the mould at room 
temperature, the silica acts as a binder for the mass above 
200° C. On heating the silica expands, and so the mould space 
enlarges. 

After the investment has set and dried, the sprue and sprue- 
holder are removed and the investment mould is heated to about 
700° C. The wax melts and burns away, leaving a space and the 
whole mould expands. This method of mould production is 
called the ‘cire perdue’ or lost wax technique and has been 
known and used for centuries; dentists have used the technique 
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1. The Tsetse fly, Glossina moristans Westwood. (Photo: S.A.Smith) 
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2. A horse-fly of the family Tabanidae. (Photo: J. L. Cloudsley- 
Thompson) 





3. Clearing brush from a tsetse-infected area near Shinyanga, Tan- 
ganyika. (A Shell photograph) 


4, Tsetses trapped in a test-tube for research purposes. (A Shell 
photograph) 











5. A ‘deflying chamber’ where cars leaving an area infected with 
tsetse are sprayed with insecticide. (A Shell photograph) 





6. An African ranger making a routine check for the pre- 
sence of tsetse in a controlled area on the road to Shin 
yanga. (A Shell photograph) 
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7, Bubble chamber photograph (/e/t) with key (right) illustrating a nega- 
tive pion interacting with a proton at A to give a K*-meson and a 
&>-hyperon. The K*-meson passes out of the chamber without decay- 
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ing, and the © --hyperon decays into a neutron and a negative pion at B. 
(After Eisler et al. 1958, Nevis Cyclotron Laboratory, Columbia Univer- 
sity, N.Y., No. 70.) 








8. A negative pion interacting with a proton at A to give a K°-meson 
and a &°-hyperon. The 6) component of the K°-meson decays, leaving 
the 8!) component, which has thus acquired some negative strangeness. 
The ©} part interacts with a proton at C to give a &*-hyperon and a 
neutral pion. The &*-hyperon decays at D into a neutron and a positive 
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pion. The other particle produced in the first interaction, the 
hyperon, decays rapidly into a \°-hyperon and a gamma ray, and the 
A°®-hyperon subsequently decays into a proton and a negative pion at B. 
(After Crawford et al. 1958, Radiation Laboratory, University of Cali- 
fornia, UCRL 8298.) 
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9. A negative pion interacting with a proton at A to give a K°-meson 
and a &"-hyperon as in Inset 8. This time, however, the 9!}-meson that 
remains after the decay of the §'!-component of the K®°-meson decays 
by a three-body mode at C. This is clearly necessary to balance trans- 
verse momentum, but the tracks are not long enough for the decay 
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mode to be identified with certainty. The <°-hyperon decays into a 
\*-hyperon and an electron pair, and the \°-hyperon in turn decays 
into a proton and a negative pion at B. The negative pion decays in 
flight at D to give a negative muon. (Eisler et al. 1958, Nevis Cyclotron 
Laboratory, Columbia University, N.Y. No. 60.) 
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place much nearer to the point of production than in the previous two 


10. A negative pion interacting with a proton at A to give a K°-meson 
events because the lifetime of th 
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The “°-hyperon decays almost immediately into a A°-hyperon and a 
gamma ray. After moving some distance the gamma ray produces an 
electron pair at E, while the A°-hyperon decays at B into a proton and 
a negative pion, which undergoes a scattering at D. (After Plano et al. 
1956, Nevis Cyclotron Laboratory, Columbia University, N.Y., No. 29.) 








11. Four telescopic views of Venus (observer and artist V. A. Firsoff) 
(a) In green light, on 10 March 1956, showing a large well-defined 
cap close to the theoretical position of the South Pole, () in red 
light. S May 1956, (c) simultaneous appearance in violet-blue, and 


(d) in green light, showing a small polar cap and ashen light, 
January 1958 





A. = 





— 
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12. Growth of z-uranium rod after thermal cycling in the 
i-phase between S0° and S50° C, (a) after 1300 cycles, 
() after 3000 cycles. (From J. Inst. Met., 1956 84 1680) 
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13. The effect of cycling uranium 340 times across the 2-8 phase 
change. The specimens were originally cylinders of the sizes 
shown on the right. (From J. Inst. Met., 1956 84 1680) 


14. Examples of radiation growth in uranium rods. The rods 
were all irradiated for the same period and were initially of the 
same dimensions but were given different amounts of cold-work 
by rolling before being machined in size. The degree of cold- 
work increases on going from left to right. (From Progress in 
Nuclear Energy, Series V, 1956 1 81) 





15. Evidence of irradiation-wrinkling on the surface of a 
used uranium fuel element. This picture was obtained by 


remotely pressing lead forms against the fuel element and 
photographing the resulting replicas. The replicas could 
then be handled and examined without danger from radio- 
activity. (From J. Inst. Met., 1956 84 1680) 


16. A section of a uranium specimen after irradiation to 
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17. Section through a human adrenal gland. 
The darker stained inner zone is the medulla, 
the lighter stained outer zone is the cortex. 
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18. A casting machine for dental gold inlays; 
a small electric furnace is attached to the rotat- 
ing arm from which the gold is thrown by cen- 
trifugal force into the mould 
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since 1907. Whilst the mould is at 700° C the gold alloy is melted 
and forced down the sprue hole. The most popular method uses 
centrifugal force and Inset 18 shows such a casting machine. 

The wax pattern shows elastic memory, that is, has a tendency 
to return to its former shape, and so it distorts. It must be in- 
vested with celerity because the amount of distortion is depen- 
dent upon time and temperature. Because the mouth is at 37° C 
the cooling of the wax pattern to water temperature (the tem- 
perature of investment) causes a contraction in size; in the 
indirect technique the wax cools to room temperature before 
removal from the replicated cavity and so the cooling contrac- 
tion and distortion are reduced. 

The gold, as it solidifies and as it cools from 600° C or so, 
contracts. By delicate adjustment of the proportion of silica and 
the proportion of various crystalline forms of silica the expan- 
sion of the mould on heating is made to compensate for all the 
shrinkages during casting; the different crystalline forms of 
silica, such as quartz and cristobalite, expand to different degrees 
during heating. The compensation for the shrinkages must be 
accomplished irrespective of the shape of the casting and with 
due regard to the fit, that is, the detail recorded on the surfaces 
next to the tooth. Over the last twenty years many investigations 
and trials have produced casting techniques in which compensa- 
tion for shrinkage is almost complete; there are many tech- 
niques. One of the most effective and least understood is the 
hygroscopic expansion technique; after the measured propor- 
tions of water and investment are mixed and the wax pattern 
has been completely invested a certain amount cr extra water is 
added. Due to some surface phenomena of the silica content, 
greatly increased expansion occurs. 

Even so, with all techniques, Suffert and Mahler have shown 
that a one per cent accuracy is the best that can be hoped for 
with dental castings. As a sphere is the only shape that the 
dental casting techniques will completely compensate for shrink- 
age, it is reasonable to assume that the shape of the wax patterns 
causes most of the trouble. This being so the problem may be 
approached in another way. 
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The indirect technique 


Warpage and distortion of wax patterns are overcome by form- 
ing them at a lower temperature on a replica of the tooth. In the 
attempt to gain further accuracy an extra step is introduced, 
that of impressions and the formation of a cast. The most recent 
advance in dental materials has been the use of silicone-based 
and rubber-based materials; these are elastic and strong and so 
do not distort readily, and are very accurate. Dental stones of 
dense nature and high dimensional stability are also available. 
This indirect technique is being used more nowadays since the 
dentist may safely relegate the entire extra-oral work to a 
technician. 


The gold alloys 


Gold-silver-copper alloys are used; they are harder than gold 
but have the same colour. They were first discovered by the 
alchemists. Even harder gold alloys are obtained with small 


additions of platinum and palladium. These melt readily in a 


gas-air torch and are forced by various methods into the hot 
mould. 


Gold inlay restorations 


Even with all the difficulties outlined it is possible to produce 
hard durable restorations. If accurately fitting in a well-designed 
cavity, the inlay protects the tooth from masticatory forces and 
the combination will last a lifetime. The design of the cavity is 
most important, but even so, further attempts to gain inaccuracy 
are still under consideration. The only draw-backs to the use of 
gold alloys is the cost, the difficulty of cutting a good cavity in 


a damaged tooth, and the appearance of the completed restora- 
tion. 


Porcelain techniques 


Portions of teeth, or the whole of the enamel of the tooth 
(jacket crowns), or even the whole of the oral portion of the 
tooth or crown may be replaced in dental porcelain and the 
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restoration may defy detection by the most expert eye. The tex- 
ture of dental porcelain and its translucency are very close in 
nature to that of tooth enamel; its physical properties are such 
that resistance to all but severe impacts can be assumed. The 
fabrication of these restorations, called dental ceramics, is per- 
haps the greatest skill that a dental craftsman may aim at. 

The material is supplied as a fine powder of varying shades, 
and has been prepared by fusing feldspar, quartz, various car- 
bonates, and borax, quenching the hot mass and grinding with 
pigments to give a fine powder. Complex potassium-aluminium- 
silicon oxide compounds form a semi-translucent glass when the 
dental operator rejoins the particles by firing them in an electric 
furnace at about 1,000° C. Prior to dental use, starch, glucose, 
and dextrin are added to the powder to act as binders. 

Upon a cast or die of the prepared cavity a piece of very 
thin platinum or gold foil is pressed; this is burnished into every 
little crevice or mark. This matrix, as it is called, is removable 
and upon it the restoration is built. The powder is mixed with 
water or glycerin to produce a sandy mass that is then shaped 
on the matrix; the absolute maximum of powder is obtained in 
the unfired restoration so that the amount of shrinkage will be 
lessened. By careful manipulation, and heating in stages, and 
calculated additions, a very accurate reproduction is possible. 
The surface is ground to the right shape, cut away to simulate 
natural wear, stained to imitate natural stains, and then glazed. 
This becomes perhaps closest to the perfect restoration. A high 
degree of craftsmanship is required. The weakest part of the 
procedure is the cementation; zinc phosphate cement is used to 
hold the restoration and so, unfortunately, gaps may open up 
about the margins. 


CONCLUSION 


The preceding account has not included those materials used 
for dentures. An attempt has been made to demonstrate that 
accurate descriptive terms have been derived for the various 
properties of dental materials. The synthetic and predictive 
functions of a science must be preceded by such an analysis. 
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The understanding of the behaviour of dental materials has 
been made difficult by the complex ill-defined environment of 
the mouth. The painstaking work of the National Bureau of 
Standards in Washington and the Commonwealth Bureau of 
Dental Standards in Melbourne has produced a series of require- 
ments for dental materials. Individual investigators, particularly 
dentists, have solved many small problems and pointed out the 
clinical significance and relation of these descriptions. The needs 
of oral restorations in the physical, chemical, and physiological 
sense have become clearer. 

It has perhaps only recently become possible to predict the 
behaviour of the materials used orally. We can now hope for the 
invention of successful materials or the development of already 
known materials for restorations. 


FURTHER READING 


No popular works on Dental Materials exist but the student is recom- 
mended to seek from a dental library the following: 
Skinner, E. W.: The Science of Dental Materials (London, 4th ed., 
1954). 


Anderson, J. N.: Applied Dental Materials (Oxford, 1956). 











TSETSE: THE SCOURGE OF 
AFRICA 


J. L. CLOUDSLEY-THOMPSON 


SLEEPING SICKNESS, one of the most frightful diseases of 
mankind, and the equally deadly nagana of cattle, are trans- 
mitted by the bites of tsetse flies. These insects are thereby 
responsible for retarding the development of large areas of 
Africa, and constitute one of the biggest problems of medical 
entomology today. 

The tsetse, which is a little larger than the common housefly, 
is brownish in colour and can be recognized by the fact that iis 
wings extend beyond the abdomen and are crossed, scissor-like, 
when the fly is at rest. Both sexes are blood-suckers, feeding by 
day on a wide variety of vertebrate animals. For this purpose 
they are armed with a well-developed proboscis which protrudes 
horizontally from the head. (Inset 1.) 

This proboscis consists of a bulb-like base which continues as 
a slender shaft composed of a grooved lower lip containing two 
needle-like stylets, one of which - the hypopharynx — contains a 
delicate tube for carrying the salivary juices. The salivary glands 
of the insect secrete a powerful anti-coagulatin which delays 
clotting of the host's blood in the mouthparts and crop, but this 
is later neutralized by enzymes in the hinder part of the mid-gut. 

The bite of an infected tsetse fly is usually followed by itching 
and irritation near the wound, and a hard, painful nodule 
appears. After a few days the victim develops a fever which, 
unlike that caused by malaria, is irregular and does not respond 
to treatment with quinine. Other symptoms include a peculiar 
tenderness of the muscles and a delayed reaction to pain, so that 
a blow against some object is not felt at first but later causes 
great discomfort. 
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Usually the fever comes and goes at irregular intervals of 
days, weeks, or even months, during which time the infected 
person carries in his blood the tiny parasites that cause the 
disease. This can be demonstrated by its infectivity when injected 
into susceptible animals. 

After a time the patient becomes weak and anaemic, his pulse 
rapid, and various lymphatic glands, especially those of the neck, 
tend to swell and become tender. Often an irritating rash breaks 
out and he suffers from violent headaches, neuralgia, cramp, 
shortness of breath, pain in the heart, and other symptoms. 

The onset of the third stage of the disease, in which the inflam- 
mation spreads to the brain and spinal cord, may be delayed for 
several years. Sooner or later, however, the characteristic and 
distressing symptoms of lassitude and drowsiness during the day 
begin to increase. They may become so pronounced that the 
patient falls asleep at a meal or even while he is standing up. He 
develops mental apathy, muscle spasms, incoordination of 
movement, with periods of agitation, delirium, and sometimes 
fits of violence and mania at night. After weeks of increasing 
sleepiness, his body becomes extremely emaciated. His hands 
and tongue tremble and he suffers from muscular convulsions. 
Finally, unless death occurs before this from heart failure, pneu- 
monia, or the agency of some complicating disease, a deep sleep 
replaces the former drowsiness and death is inevitable. Within 
recent years, however, a number of prophylactic and curative 
drugs have been developed which are extremely effective if 
administered in time. 

Sleeping sickness has existed from time immemorial among 
the natives of the West African coast and has been known since 
the days when slave dealers recognized the early symptoms of 
swollen cervical glands and chose their human merchandise 
accordingly, refusing to accept any slaves with swollen necks. 

The first printed record of the disease dates from 1803 and 
refers to the inhabitants of Sierre Leone who were ‘very subject 
to a species of lethargy which they are much afraid of, as it 
proves fatal in every instance’. It was not until 1902, however, 
that it was known to be caused by a trypanosome, Trypanosoma 
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gambiense, and two years later a tsetse fly, Glossina palpalis, was 
proved to be the carrying agent. 

While the disease is exclusively African, there are a number of 
instances of its introduction into temperate regions including 
the British Isles, but it has never spread to the inhabitants there. 
Slaves suffering from it were occasionally imported into 
America and a curious theory arose, according to which the 
sickness of West Indian slaves was a kind of nostalgia and they 
died of a ‘broken heart’! 

Trypanosomes are elongated, usually pointed, unicellular 
animals in which the single flagellum is bent under the body 
and forms the outer limit of a delicate undulating membrane. 
The first species ever to be discovered was found in 1843 in the 
blood of a frog and in the succeeding years others were de- 
scribed from tortoises, fishes, and birds. 

But it was not until 1878 that the first mammalian trypano- 
some was recorded. This was T. lewisi, common among wild rats 
all over the world. Although non-pathogenic, its availability and 
the ease with which it can be maintained in the laboratory have 
led to its wide use in studying the general problems of trypano- 
somiasis. Trypanosoma lewisi is transmitted from rat to rat by 
fleas, and probably by lice also. 

Two years later, 7. evansi was found in the blood of camels, 
horses, and cattle suffering from a deadly disease known in India 
and Burma by the name of ‘surra’. This is probably conveyed 
by bloodsucking horse-flies and the natural host of the parasite 
is said to be the indigenous cattle. The next trypanosome, called 
T. equiperdum, was discovered in animals afflicted by a North 
African disease known to French veterinary surgeons as 
‘dourine’. Then, in the year 1895, David Bruce engaged in the 
study of ‘nagana’, a devastating disease of cattle and horses in 
central Africa, and discovered that it was due to a trypanosome 
which was subsequently named Trypanosoma brucei. On inocu- 
lating the blood of infected cattle into horses and dogs, he pro- 
duced the disease and found their blood teeming with the causa- 
tive organism. In the course of his work he established beyond 
doubt that the nagana and the tsetse disease were identical. 
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Fig. 1. Tsetse fly, Glossina morsitans Westwood, female (after 
Austen). Top right: head with proboscis lowered from the palps 
for feeding (after Castellani and Chalmers). Inset bottom right: 
Trypanosomes, T. gambiense, greatly enlarged. 


Many of the wild animals in tsetse regions have been found 
to harbour 7. brucei, although they show no evidence of the 
disease. This is because the parasites have been endemic among 
the wild game for so long that a considerable degree of toler- 
ance has been developed. When a parasite is first introduced into 
a new host, the reaction of one upon the other is extreme and 
usually either the parasite or the host succumbs. Naturally it 
does not benefit a parasite to kill its source of food and shelter, 
and consequently, as a result of selection, its effects tend to 
become more benign with the passage of time. An example of 
this is afforded by the venereal disease, syphilis, said to have 
been introduced by Christopher Columbus’s sailors on their 
return to Europe after discovering the island of Haiti where it 
was endemic.* On discharge, many of these adventurers promptly 
joined the army of King Charles VIII of France in its invasion 
of Italy in 1494: soon afterwards, the triumphant forces were 


* Possibly only a virulent new strain was introduced. 
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ravaged by a terrible epidemic and retreated almost in a rout. 
During succeeding centuries, the disease has become less acute 
and now takes very much longer to kill its victims. 

In 1902, J. E. Dutton discovered T. gambiense in the blood of 
a West African patient, but he did not realize that the mild fever 
associated with this parasite was the preliminary stage of the 
infection which ends in sleeping sickness. As described above, 
the course of the chronic West African sleeping sickness is com- 
paratively slow, because the native population has acquired 
some tolerance of the parasite. In contrast, when it first appeared 
in Central and East Africa, the disease was more acute and killed 
within a year or less. In one district of Central Africa, in the 
course of seven years from 1901 to 1908, the population was 
reduced from 300,000 to 100,000, while 30,000 died in the pro- 
vince of Busoga on the Victoria Nyanza during the period 
1902-5. 

The introduction of sleeping sickness into Central and East 
Africa and its rapid spread have been attributed primarily to 
the development of the country, the formation of new trade 
routes and the free mingling of native tribes formerly isolated. 
It is interesting to speculate that H. M. Stanley, in his expedi- 
tion to reach Emin Pasha in 1888, was probably responsible for 
introducing the disease into Uganda and the lake regions of 
Central Africa, where it was hitherto unknown. 

In 1909 there occurred a case of sleeping sickness in Rhodesia 
occasioned by a distinct, and apparently newly originated 
species of trypanosome, as indicated by its sudden appearance 
and disturbingly rapid spread. This species, 7. rhodesiense, 
although morphologically indistinguishable from 7. gambiense, 
produces a more acute and virulent form of sleeping sickness 
which usually results in death within a year. It is possible that 
both species are derived from 7. brucei whilst T. cruzi, the third 
species of trypanosome which infects man, differs from them in 
important respects. The latter causes Chaga’s disease in South 
America, where it is transmitted by blood-sucking assassin bugs. 

The different species of Trypanosoma responsible for disease 
in man and animals in Africa, may be transmitted by the same 
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or different species of fly. For example, Glossina palpalis is 
largely responsible for infections of 7. gambiense in man, whilst 
G. morsitans, G. swynnertoni, and G. pallidipes are responsible 
not only for most of the nagana diseases of animals caused by 
T. brucei, T. congolense, and T. viviax, but >'so for the trans- 
mission of 7. rhodesiense in man. 

The problems they raise can be tackled either by elimination 
of tsetse flies or by prevention and cure of the disease, and con- 
siderable progress. has been made in both fields. A number of 
drugs have been produced which, like antrypol and tryparsa- 
mine, can cure sleeping sickness. A more recent development is 
the production of compounds such as pentamidine which, by a 
single injection, will protect man against 7. gambiense for 
several months, and antryside which, in a similar way, protects 
cattle. Their extensive use, however, is expensive and involves 
economic rather than scientific considerations. Personal pro- 
tection can be achieved, at a cost, by screening doors and win- 
dows of houses and stables, applying fly-screens to vehicles, 
river boats, and so on, and wearing white clothing which tends 
to repel the flies. Tsetse are attracted to brown or black colours 
and seldom bite white men if negroes are present. 

Tsetse flies have one important feature in common: they all 
require shade for their survival. Early travellers in tropical 
Africa soon learned to associate ‘fly belts’ with thick vegetation 
and not with open grass country, and they tried to protect their 
animals from what were reputed to be the most poisonous of 
insects. It is noteworthy, however, that David Livingstone evi- 
dently suspected that more than simple poisoning was involved, 
because he wrote: ‘The poison germ, contained in a bulb at the 
root of the proboscis, seems capable, although very minute in 
quantity, of reproducing itself’. 

Twenty-one species of the tsetse fly are known, and between 
them they infect an area amounting to some 4-5 million square 
miles. In some places they are still extending their range and 
from two to three thousand square miles of Tanganyika have 
been overrun comparatively recently. So, although a counter- 
attack has been launched and entomologists have got the 
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measure of their foe, the offensive is still really only just begin- 
ning. 

The narrow strip of dense, evergreen tropical forest stretching 
for miles along the edges of lakes and rivers is characterized by 
riverine species such as Glossina tachinoides and G. palpalis, 
whilst G. morsitans, G. swynnertoni, and G. pallidipes inhabit 
bush and scrub country. Each species, however, has its own 
peculiar bioclimatic requirements and each presents a separate 
entomological and ecological problem. Elimination can always 
be achieved by clearing the bush, but this is very expensive and 
laborious. Much work, however, has been carried out to detzr- 
mine the best type of clearing in relation to the habits of the 
particular fly in any one area, and large tracts have already been 
freed of the pest by discriminative clearing. In West Africa suc- 
cess owes much to the work of T. A. M. Nash; in East Africa to 
the courage and determination of C.G.M. Swynnerton. An 
account of their work and the obstacles they overcame would 
require a volume to itself. 

The measures taken to combat the flies have to be based on 
a detailed knowledge of the biology of the different species. For 
example, Trypanosoma gambiense is spread chiefly by Glossina 
palpalis and G. tachinoides. In many parts the latter exists near 
to its climatic limits and slight thinning of the undergrowth of 
the forest may be sufficient to eliminate it. G. palpalis, the chief 
carrier of T. gambiense in Central and East Africa, is also re- 
stricted to water-side forests. Its main food is the marsh-buck 
or situtunga antelope which, in turn, is the stable diet of leopards. 
Hence there is an ecological relationship between the leopard 
population and the incidence of sleeping sickness! G. palpalis 
requires heavy forest shade for its resting haunts and will not 
fly in sunlight. It can therefore be eliminated by the Symes 
block-method of clearing vegetation, combined with hand catch- 
ing. The riverine vegetation is divided into blocks about two 
miles long, separated by clearings 1,000 yards wide. Paths are 
cut in the vegetation and these are patrolled by people with nets. 
The cost works out at less than one-sixth of that for complete 
clearing of the vegetation. 
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The application of insecticides, either in the form of aerial 
sprays or of smoke bombs, is impracticable in many areas. Insec- 
ticides are always expensive and, furthermore, kill many useful 
insect enemies of the pest against which they are employed. 
Nevertheless, in some parts, they have been used very success- 
fully. 

The active larval stage of tsetse flies has been suppressed and 
the eggs hatch within the genital duct of the mother fly. Here 
the developing young remains in a brood chamber, nourished 
by the glandular secretions of its parent: the larvae are ready 
to pupate as soon as they are born. Some species of tsetse can 
be controlled by traps designed to induce the female flies to 
deposit their larvae in places where both these and the pupae 
can be destroyed. Other traps are effective against adult flies, 
and cattle are sometimes sprayed with insecticides and then used 
as bait. 

Another measure is to prohibit the burning of grass as is 
normally practised by native hunters in savannah regions. Not 
only do fires destroy the ants that prey on tsetse pupae, but 
retention of a mat of grass increases soil moisture which, in 
turn, encourages the ants and adversely affects tsetse flies, especi- 
ally G. swynnertoni. 

Destruction of wild game is a method of combating non- 
riverine species such as G. morsitans and it has proved effective 
in Rhodesia. This method is to be deplored, however, not only 
on humanitarian and aesthetic grounds, but because it is bio- 
logically unsound. The absence of tsetse does not necessarily 
involve the absence of nagana, because in Zanzibar, where 
tsetse flies are absent, the home-bred cattle, horses, buffaloes, 
and dogs are often infected with T. congolense although of a 
comparatively non-virulent strain, the transmitting agents being 
horseflies and stable flies. Indeed nagana may occur in domestic 
animals in such a mild form as not to be readily detectable, and 
such animals may be a far more important source of infection 
than wild game. 

Nagana trypanosomes exhibit so great a diversity of varieties 
and strains, which can parasitize many different natural hosts, 
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that the entire mammalian fauna, as well as possibly all birds 
and reptiles, would have to be exterminated, and this is clearly 
not feasible. 

Finally, if, as has been suggested, Trypanosoma brucei and 
T. gambiense are true species, and T. rhodesiense a strain of 
T. brucei, then the wild game are indeed a danger to man as a 
source of sleeping sickness trypanosomes. But this is by no 
means certain. It may well be that T. gambiense and T. rhodesi- 
ense are both strains of T. brucei adapted to man, in which case 
wild animals are an advantage since any human trypsanosomes 
inoculated with them will revert to type (TJ. brucei) which can- 
not infect man. Alternatively all three may be distinct species; 
if this is so the game cannot have any effect on man except as 
alternative source of food for the tsetse flies. Furthermore, if no 
alternative food were present, the tsetse would be driven to 
attack man even more than at present. This would be dangerous 
because the tsetse fly is an inefficient intermediate host, infec- 
tion being normally only about five per cent. But this figure in- 
creases where man is the sole source of food. The destruction 
of game in a tsetse area could never permanently abolish the 
fly by starvation and on the return of domestic animals the fly, 
and the disease, would return. 

The social, economic, and administrative consequences of 
removing human communities, together with their domestic 
animals, to areas that have been cleared, or are beyond the tsetse 
belt, are complex and costly. In addition such removals fre- 
quently result in over-population of the new areas and con- 
sequent soil erosion. Indeed, while domesticated animals are 
regarded by the African natives not only as a source of food, 
but as evidence of power and wealth, there can be little hope for 
large areas of the country. In fact, the whole problem is funda- 
mentally economic and educational. Until the people can be 
taught to value quality rather than quantity, herds of verminous 
and useless cattle, suffering from rinderpest, tick-fever, and 
nagana will continue to spread disease and soil erosion through- 
out tropical Africa. 

At the present moment, as regards sleeping sickness, the most 
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dangerous population density is about 50 people per square 
mile. If there are less than this, there is no great risk of epidemics 
of sleeping sickness; if more, the land becomes cultivated to an 
extent unfavourable to tsetse flies. Nagana is a far greater prob- 
lem, however, since it can be spread by stable flies as well as 
tsetse, and these may prove far more difficult to eradicate. 

Human epidemic diseases, as well as those of cattle and crops 
are largely due to the unguarded actions of man. As long ago as 
1907, E. Ray Lankester wrote: ‘But it is not only by his reckless 
mixing up of incompatibles from all parts of the globe that the 
unscientific man has risked the conversion of paradise into a 
desert. In his greedy efforts to produce large quantities of ani- 
mals and plants convenient for his purposes, and in his eager- 
ness to mass and organize his own race for defence and con- 
quest, man has accumulated unnatural crowds of his own kind 
in towns and fortresses. Such undiluted masses of one organism 
serve as a ready field for the propagation of previously rare and 
unimportant parasites from individual to individual.’ 

Human activities cannot but result in the destruction of 
natural complexity and its replacement by large tracts of uni- 
formity. It is essential, therefore, always to be on guard against 
the epidemics inevitably created, for prevention is cheaper and 
easier than cure. 

When the battle against tsetse has been finally won, the victory 
must not be exploited recklessly so that its seeds ripen into dust. 
At present, tsetse flies are protecting large areas of Africa from 
misuse, overgrazing, and consequent soil erosion. It is to be 
hoped that politicians will heed the warnings of the biologist and 
ensure that rational farming methods, as well as preservation 
of the complex indigenous fauna and flora, are enforced when- 
ever new regions are thrown open for agriculture. 
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THE principle, entia praeter necessitatem non sunt multipli- 
canda,* may not derive directly from William of Occam but its 
soundness is not in doubt. Simple explanations are to be pre- 
ferred whenever possible. And in the case of terrestrial planets 
the Earth provides a natural touchstone of simplicity that should 
not be lightly discarded. Thus the hypothesis that the polar caps 
of Mars consist of carbon dioxide snow has not survived and it 
has now been established that the substance is the familiar water 
snow. Our ideas about Venus seem to be undergoing a similar 
evolution. 

Although Mars has been dubbed the ‘Little Earth’, Venus is 
the true twin of our planet. With a diameter only some 200 miles 
and a mass 18 per cent less than those of the Earth, Venus has a 
surface gravity equal to 0-87 of ours, so that the physical simi- 
larity between the two worlds is indeed close. Moreover, the 
mean distance of Venus from the Sun, which is 67,200,000 miles, 
does not differ very much from the Earth’s 92,900,000 miles. 
What, therefore, would be more natural than to assume that 
conditions on their surfaces are similar? 

Yet this simple view encountered great difficulties from the 
outset. The lack of readily identifiable surface detail due to the 
thick veil of cloud hiding the face of Venus makes it difficult, 
not only to form an idea of the permanent features of its surface 
but to determine the inclination of the polar axis and the period 
of rotation. The apparent immobility of such surface markings 
as could be dimly glimpsed led many observers, such as the dis- 
coverer of the Martian canals, Schiaparelli and E. M. Antoniadi, 
to the conclusion that the same hemisphere of Venus always 


* Entities must not be unnecessarily multiplied. 
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faced the Sun. This view is still strongly held by some, and as 
recently as November 1955 the French observer Audoin Doll- 
fus subscribed to it in the account of his filter observations pub- 
lished in L’Astronomie. 


Spectroscopic Evidence 


When, in addition, spectroscopic analysis showed neither 
oxygen nor water vapour in the accessible part of the atmo- 
sphere of Venus and disclosed instead an amount of carbon 
dioxide that at 0° C and 1 atmosphere would form a layer be- 
tween a quarter and two miles thick, Venus emerged as a world 
both baffling and very different from ours.** Surely no life 
could exist on Venus. Without oxygen or water, it would be a 
barren desert where fierce winds blowing between the hemi- 
spheres of eternal night and eternal day would whip up coscur- 
ing clouds of dust or finely ground quartz (E. Opik). 

Alternative solutions were suggested. According to Rupert 
Wildt the clouds might be made up of plastic granules produced 
by the polymerization of formaldehyde, itself produced in turn 
from water and carbon dioxide under the action of ultraviolet 
radiations. Although requiring the presence of water, the re- 
action would speedily remove it from the range of the spectro- 
scope and thus account for the absence of water absorption 
bands, while the low temperature of the upper atmosphere of 
Venus would prevent any appreciable volatilization of the for- 
maldehyde. The temperature lower down would, in Wildt’s view, 
exceed the boiling point of water owing to the greenhouse effect 
of the superabundant carbon dioxide. The difficulty, however, is 
that the reaction, 

CO, +H,O=H.CHO+0,, 
liberates oxygen but this could not be traced.’ N. A. Kozyrev‘ 
has discovered in the spectrum of Venus absorption bands due 
to an unidentified organic molecule, which are also present, 
though weak, in the atmosphere of the Earth, so that some 
reaction of this kind may be taking place. At present, however, 
there is no evidence either for Wildt’s formaldehyde or for 
Hoyle’s oil droplets as the possible materials constituting the 
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clouds of Venus, Ammonium nitrite, NH,NO,, (Dauvillier), 
and carbon suboxide, C,O,, (Kuiper), have also been suggested. 
Many astronomers have been sceptical about these hypo- 
theses. For one thing thermocouple readings show little differ- 
ence between the temperatures of the dark and sunlit half of 
the planet, which would be hard to reconcile with a long axial 
period. Early attempts to determine this period (Schroeter, Cas- 
sini) gave results close to 24 hours; W. H. Pickering thought the 
day of Venus was 68 hours, while W. H. Steavenson made it out 
to be about 8 days. Other divergent estimates were not lacking. 
In theory the issue can be decided spectroscopically. If the 
slit of a spectroscope is ranged along the equator, one limb 
will be approaching while the other is receding, and by virtue 
of the Doppler effect the light from the approaching limb will 
be shifted towards the violet and that from the receding limb 
towards the red end of the spectrum. This causes all the absorp- 
tion lines in the spectrum to slant. Venus, however, is an awk- 
ward subject for such observation. Its full phase corresponds 
with the superior conjunction, when the planet is close to the 
Sun in the sky and remote from the Earth. This makes it difficult 
to observe on both counts. At smaller phases the method is not 
so satisfactory. In any case, from the spectroscopic observations 
made at Pulkovo between 1903 and 1911, Belopolsky obtained 
a period of rotation of 1 day 10 hours and 34 minutes, whilst 
Slipher, at Flagstaff, could find no Doppler effect at all and con- 
cluded that the period must be of the order of one month. 


Rotational Bands 


Photographs taken between 1950 and 1954 at the McDonald 
Observatory, in Texas, through short-wavelength filters clearly 
showed that the clouds of Venus have a banded structure,* such 
as the atmosphere of the Earth might be expected to display to 
a distant telescopic observer. A banded structure is the result of" 
the natural circulation of the air between the colder polar and 
the warmer tropical regions combined with rotation which 
causes a westward deflection of the polar air currents and an 
eastward deflection of the warm equatorial streams. With a blue 
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or violet filter these belts in the atmosphere of Venus can be 
seen quite easily and I have often observed and drawn them.’ 
The important point, however, is that such banded structures 
could not develop on a slowly rotating planet. 

G.P. Kuiper, who instituted the McDonald observational 
programme, has not been able to determine the axial period of 
Venus by this method. On the other hand, since atmospheric 
belts are disposed parallel to the equator of the rotating planet, 
he has been able to locate its poles and so the inclination of the 
equator to the plane of its orbit. This is 32° with a probable 
error of +2°.° As Venus changes its position with respect to the 
observer the apparent tilt of the bands varies, and when a long 
series of observations are averaged out, the result is a spokelike 
system of markings pivoted at the centre of the illuminated 
hemisphere, precisely as obtained by Dollfus in the observations 
mentioned above which appear to show that the year and the 
day of Venus coincide, each being 225 terrestrial days. 

Be this as it may, in 1956 J. D. Kraus, of the Ohio State Uni- 
versity, discovered that Venus is a source of a strong 11-metre 
radio static, fluctuating within a period of 13 days. Interpreted 
as the result of the superimposition of the rotations of the Earth 
and Venus, this would give the latter a period of about 22 hours 
and 17 minutes. This result has not yet gained general accep- 
tance, but it appears not unreasonable. 

Thus the idea that the day and year of Venus are of equal 
length seems to be doomed. Nor was the view that Venus was 
wholly devoid of water accepted by many astronomers. It 
appeared strange that a planet so close to and so like the Earth 
should be deficient in a substance naturally abundant on the 
latter, and found even in the far less favourable conditions of 
Mars. 


Water on Venus? 


The late B. Lyot, a great French authority on polarimetry, 
found that the clouds of Venus behave as would clouds com- 
posed of water droplets with a uniform diameter of about 2 x. 
The most recent radiometric measurements by William Sinton 








The Earth’s Twin 


give the visible surface of Venus a uniform day and night tem- 
perature of —39°C.'* This is the temperature of the heads of our 
own cumuli at which supercooled water can still exist in the 
liquid state, and it has been shown by D. H. Menzel and F. L. 
Whipple that the partial pressure of water vapour at this tem- 
perature would be too low under the barometric pressure at the 
corresponding level of Venusian atmosphere for water to be 
detected spectroscopically.’ 

Thus what was supposed to be observational evidence against 
the existence of water on Venus is shown to be without founda- 
tion. The slightly yellowish colouring of the Venusian clouds 
may be explained by the effect of scattering on the double pas- 
sage of the light through the atmosphere of Venus and single 
passage through the atmosphere of the Earth before it reaches 
the observer's eye. In combination this corresponds optically to 
the yellow horizon views of our own clouds, which are naturally 
white. The fact that the ‘ochre tone’ (H. MacEwen) is most 
noticeable near the terminator of Venus lends weight to this 
interpretation. 

We are still left, however, with a theoretical objection to the 
existence of water on Venus advanced by H.C. Urey,'* who 
suggests that the present carbon dioxide content of the Venusian 
atmosphere could not be maintained if large basins of open 
water existed on the planet’s surface. His argument is that car- 
bon dioxide in dissolving in water would form carbonic acid 
which would attack the constituent minerals of the rocks with 
the production of carbonates and this vould absorb the excess 
of atmospheric carbon dioxide in a geologically short time. The 
same argument is used against the existence of plant life on 
Venus, because plants would have bound the carbon of the 
carbon dioxide by photosynthesis. 

These difficulties can, however, be circumvented by assuming, 
as do Menzel and Whipple,’ that the surface of Venus is wholly, 
or very largely, oceanic. This is not impossible. But, on the one 
hand, we do not know how much carbon dioxide may have been 
emitted by the volcanoes of Venus in some recent orogenetic 
spasm, and, on the other, there exists the possibility that above 
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the clouds of Venus the concentration of carbon dioxide is much 
higher than below them. At first sight this may seem an odd sub- 
mission, because carbon dioxide is much denser, with a mole- 
cular weight 44, than the other two assumed constituents of the 
atmosphere of Venus, nitrogen (28) and water (18). Yet we have 
the example of the still heavier gas, ozone with a molecular 
weight 48, which in our own atmosphere is concentrated mainly 
in a comparatively thin layer some 20 miles above the surface. 


Atmospheric Stratification 


There are several ways in which carbon dioxide may have 
become concentrated in the Venusian stratosphere. It is known 
that ascending currents of warm air contain more of the heavier 
gases than does the ambient air,’ so that even on the Earth car- 
bon dioxide tends to be carried upwards, though in fact no 
high-level concentration of this gas has been observed. On 
Venus, however, conditions are different in some important 
respects. First, the lower atmosphere of Venus is more or less 
completely sealed off by a cloud blanket that prevents most of 
the sunshine from penetrating below it. Consequently, the air 
temperature below the clouds must be expected to be lower than 
immediately above them for this reason alone. Secondly, the 
unobstructed solar radiation at the mean distance of Venus from 
the Sun is 1-905 times stronger than at the mean distance of the 
Earth. Finally, as we shall see later on, Venus has a powerful 
magnetic field and carbon dioxide is a diamagnetic gas, which 
will be to some extent repelled by it.” ** The force is small but it 
may have cumulative effects. 

However this may be, the first two factors are probably by 
far the more important. Carbon dioxide absorbs the planetary 
infra-red radiation in the regions 2-5 « and 12-17 u, where its 
absorptions largely overlap those of water vapour.’* Above the 
clouds this is substantially absent, so that carbon dioxide will be 
able to absorb all the heat radiated within these spectral bands 
by the clouds and the lower atmosphere (the saturation point 
is reached at only 400 cm-atmospheres or so), as well as some 
of the shorter solar infra-red, and ultra-violet rays. This will 
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result in substantial heating. Indeed, J. W. Chamberlain and 
G. P. Kuiper’ have found the rotational temperatures of the 
carbon dioxide bands in the atmosphere of Venus to be 
+12°+5°. Whether this heating affects the carbon dioxide 
differentially or results in a uniform temperature of the air layer 
in question is immaterial; there will be very little mixing between 
the upper and lower atmosphere. Thus any carbon dioxide con- 
tained in the former, whether as a primitive constituent or 
coming by thermal infiltration from ascending currents, will 
remain there effectively isolated from contact with the surface 
of the planet. 

For the same reason, oxygen, whether produced by Wildt’s 
strongly endothermic reaction, the photo-dissociation of water 
in ultra-violet rays, or by photosynthesis in green plants, will 
tend to stay below the clouds, and there exists the additional 
reason that oxygen in all its forms, O,O,,0,, is the most strongly 
paramagnetic of all gases.* Any oxygen originally present in the 
upper atmosphere of Venus may have been lost through mole- 
cular break-up and intense heating by ultra-violet absorption. 

On the Earth the emission lines of ionized oxygen are pro- 
minently represented in the spectra of polar aurorae and night- 
sky glow. The latter is estimated to be about 50 times as power- 
ful on Venus as on the Earth and it can be seen when the planet 
is at small phase as the so-called ‘ashen light’.’ In 1953 N. A. 
Kozyrev obtained a spectrogram of the ashen light of Venus 
with the 50-inch reflector of the Crimean Astrophysical Obser- 
vatory. This spectrogram shows a large number of unidentified 
lines, but no oxygen or Vegard-Kaplan atomic lines as found 
in our aurorae.* His results have recently been confirmed by 
Gordon Newkirk at Colorado. 

The great intensity of the night-sky glow on Venus is partly 
due to the geometrical increase in the corpuscular radiation 
from the Sun, but this increase is not quite twofold and cannot 
account for the whole of the difference. Thus the conclusion 

* Volume susceptibility of O, is given by E. C. Stoner™® as 
+1434 x 10-'*; N, and CO, —3:3 x 10-'* and —8-3 x 10-?° respec- 
tively. : 
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that the magnetic field of Venus is much stronger than that of 
the Earth seems to be inevitable. Similar results emerge from a 
totally different method of investigation. 

The Dutch astronomer, J, Houtgast, of the Sonnerborgh 
Observatory, Utrecht, has analysed data for solar corpuscular 
radiation between the years 1884 and 1953 and finds a substan- 
tial reduction in the amount of this radiation reaching the Earth 
close to the forty-four inferior conjunctions of Venus falling 
within this period.”* In other words, Venus forms a powerful 
shield against this radiation whenever this planet is interposed 
between the Earth and the Sun. To explain the recorded effect 
requires a magnetic field about five times that of the Earth. 

While this calculation is fairly crude, it is not in doubt that 
electrified particles from the Sun are reaching Venus in much 
higher numbers than they are the Earth, where they cause in- 
tense heating in the upper atmosphere especially in the regions 
of magnetic poles.’ Since the same must apply to Venus, we 
have here an additional source of solar energy to heat the upper 
atmosphere above the temperature of the unknown depths be- 
low the clouds, and thus to intensify the stratification already 
discussed. It therefore appears possible that the lower atmo- 
sphere of Venus does not differ markedly in composition from 
our own. 


Surface Temperature 


There still remains the problem of temperature. How hot or 
cold can the lower atmosphere and the surface of Venus be? 

It is a common over-simplification to imagine that the closer 
to the Sun the planet is the hotter it will be. This is true only if 
the planets being compared have the same capacity to absorb 
and store the energy received from the Sun. The absorbed pro- 
portion of the incident radiation is determined by the albedo, 
which gives the fraction reflected; the absorbed fraction is unity 
less albedo. The visual albedo of Venus is 0-76 (Kuiper) and 
that of the Earth 0-39. In terms of the integrated solar energy, 
the albedo of the Earth is somewhat lower, namely 0-35." If the 
two planets behave as ‘grey bodies’, i.e., observe the Stefan- 
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Boltzmann law corrected for the albedo, their respective mean 
temperatures come out at —23-8°C and — 44-2°C, which is fairly 
close to the actually observed temperature of the Venusian 
clouds, In any case, Venus would, on this reckoning, be 19-4° C 
colder than the Earth, despite increased insolation. 

In actual fact the mean temperature of the Earth's surface is 
fully 38° C above the just-computed mean greysphere tempera- 
ture, on account of the so-called greenhouse effect of the atmo- 
sphere, which is more transparent to the shorter wavelengths 
emitted at the high temperature of the Sun than it is to the longer 
planetary radiations from the comparatively cold ground. The 
atmospheric greenhouse effect is chiefly due to two gases, car- 
bon dioxide and water vapour, particularly to the latter. Water 
vapour alone would absorb the whole of the ‘obscure heat" 
radiated by the Earth's surface except for a narrow ‘window’ 
between 8u.and 13, while the carbon dioxide absorptions ex- 
tend only from 2 to Su and 12 to 17u (Figure 1). Not only is the 
range of the carbon dioxide absorptions almost wholly covered 
by water, but it is sufficient to double the actual low amount of 
the atmospheric carbon dioxide (c. 0-03 per cent) to make 
absorption complete within its range. Any further rise in 
the carbon dioxide content cannot increase the greenhouse 
effect.*: * ** 

From the point of view of Venus this is important because it 
is a mistake to imagine that the high carbon dioxide content in 
its atmosphere will make up for the loss of solar radiation by 
reflection due to its high albedo. In fact, if the lower atmosphere 
of Venus contains an amount of water vapour comparable to 
the Earth, the greenhouse effect will not be appreciably in excess 
of the terrestrial. It will, on the other hand, certainly be stronger 
in the upper atmosphere, which is devoid of water vapour. Since, 
however, the relevant wavelengths have already been eliminated 
from the surface radiations, the carbon dioxide of the upper 
Venusian atmosphere can capture only some of the heat radiated 
by the clouds and their ambient air, with the results that have 
already been considered. There will also be a concomitant 
depletion by carbon dioxide absorption in the shorter solar infra- 
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Fig. 1. Diagram representing the blackbody radiation curve of the 
Earth's surface at the mean annual temperature (full line), and the 
part of the emitted radiation absorbed by water vapour (dashed 
lines) and carbon dioxide (dotted lines). It will be seen that the two 
carbon dioxide absorption bands are largely swamped by those 
of water, which allows only a narrow range of transmission be- 
tween 8 and 13 mu. (Diagram after W. J. Humphreys.) 


red, which will thus be partly prevented from reaching the lower 
atmosphere, but as the energy of light in this part of the spec- 
trum is low, the effect will be negligible. 

Such are some of the factors that affect the solar energy 
balance in a planetary atmosphere. The position on the Earth is 
known with fair precision. 


Radiation Balance 


If we represent the vertical solar radiation that is incident 
upon a unit area of the unobstructed outer shell of the Earth’s 
atmosphere as equal to 100 energy units per unit time, then, 
according to F. Mdller,'’ 35 units are reflected into space and 
lost, 14 units are absorbed by the atmospheric gases and suspen- 
sions, leaving 51 units to reach the ground, of which 24 do so as 
direct sunlight and light scattered by the atmosphere, and 17 as 
indirect radiation transmitted and scattered by the clouds. 

These radiations heat up the surface of the Earth to a mean 
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temperature of 14° C, the ground radiating 123 units between ‘ 
the wavelengths of 4 and 100, (Figure 1). Barely 17 units of 
these planetary radiations are able to escape into space: 106 
units are absorbed by the atmosphere and reradiated, 100 units 
being returned to earth and 48 radiated away into space and lost. 
The excess heat from the ground is supplied to the atmosphere 
by convection currents and the mechanism of condensation, 
thus making good the deficiency and balancing the account. 

W. J. Humphreys® gives a simple formula for the radiative 
energy balance: 


a ad 
(1—A)S(t+—) = E(¢ +—), 
2 2 


where A is the albedo, S the energy of unobstructed solar radia- 
tion vertically incident upon a unit surface in a unit time, ¢ the 
fraction of this energy directly or indirectly transmitted by the 
atmosphere, a the fraction absorbed by the atmosphere, E the 
similarly defined total planetary radiation and ¢ and @’ its frac- 
tions transmitted and absorbed by the atmosphere respectively. 

If Mdller’s data are substituted in this formula, the albedo of 
the Earth’s surface taken to be 0-10 as a fair average of the 
albedoes of open water and various types of land, and the equa- 
tion for the mean greysphere temperature applied, the result is 
only about 0-1° C in error. 

With appropriate modification the same procedure can be 
used also for Venus. Here S§ becomes 190-5 units. 1 —- A =0-24. 
The effective radiating surface of Venus, which may coincide 
roughly with its top cloud layer, has a temperature of — 39° C. 
The atmosphere and clouds, despite their high visual albedoes, 
are highly absorbent of infra-red thermal radiations; indeed a 
thick cloud cover, such as that of Venus, will absorb them all. 
It is, therefore, legitimate to assume that within this range the 
surface of Venus is a perfectly black body. If so, it will radiate 
4x 12-5 units, or 50 units, because it receives sunlight as though 
it were vertically incident upon a flat disk of the same radius 
as the planet, but radiates over the whole of its surface, and 
the ratio of the two areas is 1:4. Now if the thermal albedo of 
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Venus were the same as its visual albedo (0-76) Venus could 
absorb only 45-5 units, as against 65 absorbed by the Earth, but 
since the condition of thermal equilibrium requires that the 
planet should lose as much heat as it receives from the Sun, the 
heat radiated by Venus, i.e., 50 units, must be equal to the heat it 
absorbs. This gives a somewhat lower thermal albedo equal to 
0-737, a not unexpected result, because it is known that Venus 
absorbs more at the violet end of the spectrum where the eye 
is less sensitive. 

Thus we see that Venus has 15 solar units less than the Earth 
to budget on. This does not, however, necessarily mean that 
Venus must be colder than the Earth. It all depends on what 
happens to the thermal energy absorbed by Venus and this in 
turn will be determined by the nature and optical density of 
Venusian clouds. 
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Cloud Structure 


According to Hann-Siring, the mean cloudiness of the Earth 
is 54-4 per cent, whence it can be computed that the mean visual 
albedo of these terrestrial clouds is about 0-60, which is con- 
siderably less than even the thermal albedo of Venus. Theclouds 
of Venus must be thicker. On the other hand, the albedo of 
massed cumuli is 0-78 and thick stratus may reflect as much as 
80 per cent of the incident sunlight, though it is curiously trans- 
parent to the rest. In any case, Venus cannot be wholly wrapped 
up in massed cumulus, let alone thick stratus. Indeed, Dollfus 
at Pic de Midi has observed flocculation in the shaded areas of 
the planet’s surface, Using a smaller telescope the author has 
glimpsed dimly something of the kind on one or two occasions, 
but could not be positive about this. On the other hand, his 
filter observations appear to show that there exist areas of 
broken cloud and possibly even clear sky in the polar regions of 
Venus and that its high albedo may derive to some extent from 
the large snow caps which seem to be present there and not 
solely from the clouds.” 

Stratus clouds seem to be ruled out largely by Lyot’s observa- 
tion that the droplets of which the clouds of Venus are com- 
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posed have a fairly uniform diameter of about 2u, while the 
mean diameter of stratus particles is about 20u."* The observed 
size, 2u, is nearer the size of haze particles, but it is also close 
to the mean for the top layers of high cumuliform clouds, and it 
must be borne in mind that on Venus the water in these clouds 
will contain carbon dioxide in solution which may alter its pro- 
perties to some extent and will certainly depress its freezing 
point. 

However, this may be, stratocumuli appear to be the most 
probable. The author has calculated from theory the light trans- 
mission by different thicknesses of various types of cloud, and 
finds that a uniform layer of stratocumulus about 0-25 km thick 
enveloping the whole planet would give it a mean albedo 0-74~ 
0-75 and would transmit 28 solar energy units to the ground, 
provided that the underlying atmosphere and the surface have 
a combined albedo 0-20, and a little more if this albedo is less. 
Now it has been found from observation on the Earth that a 
wholly overcast sky radiates from 20 to 25 per cent of the 
energy received from the totally cloudless sky, the lower figure 
corresponding to heavy rain clouds." These empirical figures are 
more reliable than the theory involving various simplifying 
assumptions. Thus if the terrestrial standards hold good for 
Venus the wholly overcast Venusian sky would transmit from 
28-3 to 35-4 units to the ground, which is in tolerable agreement 
with the theoretical figure given above. Moreover, stratus 0-5 km 
thick would have an albedo of 0-80 but would transmit, despite 
this, as much as 44 units to the ground. Such clouds may occur 
locally, raising the overall albedo, which, as already pointed out, 
may also be partly due to snow. In cloud-free areas the trans- 
mission of solar energy would, of course, be much higher. 

Taking all this into consideration, it seems reasonable to 
assume that the clouds of Venus transmit 0-2 of the clear-sky 
radiation, which yields a figure of 28-3 units. In Humphrey’s 
formula the energy absorbed by the atmosphere and clouds 
from the Sun and from the Earth is reradiated equally up and 
down, half of it being returned to the ground and half lost to 
space. This could hardly be true on Venus where the cloud blan- 
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ket is both thicker and more complete. In fact, it appears that 
only a third of the thermal energy absorbed on either side of 
the clouds should be able to reach the other side. Thus, in the 
formula, instead of a/2 and a’/2, we shall have a/3 and a@’/3 
on the two sides of the equation. Any error here is less important 
than it might seem at first sight, because the one figure repre- 
sents loss and the other gain, so that they partly balance each 
other. However, if in addition it is assumed that the reflecting 
ground surfaces of the Earth and Venus are substantially similar 
and have a mean albedo 0:10, Humphrey's formula and the 
Stefan-Bojtzmann equation, which have stood us in good stead 
in calculating the mean temperature of the Earth, give a mean 
for Venus of +17-5° C. This differs very little from the mean 
annual temperature of the Earth (+14-2° C) and would give 
Venus a similar climate, its shorter and sharper seasons being 
smoothed out by the protective blanket of cloud. 


Conclusion 


As far as is known this method has not been used before, but it 
seems fairly reliable. The result should not be much in error and 
it agrees well with the situation one might infer from the bril- 
liantly white circular areas, best seen through a green filter, close 
to the theoretical position of the rotational poles of Venus, 
should these areas be composed of snow.’ 

At present astronomical opinion in general is still inclined to 
the view that the ground of Venus should be hot, but it has been 
shown above that on any reckoning it receives less heat than does 
the surface of the Earth, so that this opinion lacks a solid basis. 
It is true that if the empirical ratio of 1:4 between the atmo- 
spheric density at the tropopause and ground level, found on 
the Earth and possibly also on Mars’, is taken for guidance, and 
the observed temperature of — 39° C is equated with that of the 
tropopause of Venus, the adiabatic equation gives ground air 
temperature on Venus equal to +107° C. But if we take the 
actual, not assumed, temperature cf the terrestrial tropopause, 
ie., —54° C, and apply the same procedure the resulting mean 
temperature of the ground will be +60-5° C. The above result 
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for Venus must be at least as wildly inaccurate, and it is not 
difficult to see why. The assumed steady adiabatic gradient can 
exist only in the absence of evaporation and condensation pro- 
cesses, but these are obviously very strong on Venus, as witness 
the thick blanket of clouds. Moreover, the observed temperature 
of --39° C refers either to the clouds themselves, which are in 
full sunlight, or to some atmospheric layer above them where 
the greenhouse effect of carbon dioxide will be noticeable. 
Below the clouds the air will be colder. Our own tropopause 
above the equator, where the insolation is strong, has a tem- 
perature of about — 80° C.* On Venus the tropopause may be 
still higher and also colder. In fact N. A. Kozyrev’s figure for its 
temperature is —90° C.* This would yield by the straight adia- 
batic equation as used above, in combination with the 1:4 
density ratio, a ground temperature of + 11° C, which is fairly 
close to that obtained from Humphreys’ formula. The Russian 
astronomer, however, does not seem to consider water vapour 
as a possible constituent of the atmosphere of Venus and 
deduces from his tropopause temperature an atmospheric struc- 
ture, where there is hardly any stratosphere and the troposphere 
does not extend all the way to the ground, giving way after 
10-15 km to an isothermal region of eternal twilight with a sub- 
Stantially steady temperature of +30° C. 

This may or may not be true, but this author sees no compel- 
ling reason for the existence of such a region on Venus; and the 
method and its results outlined in this article appear to be both 
simpler and in better agreement with the observational data. 
If so, Venus may in most respects be a true twin of the Earth. 
The quest is not ended. One day it may be possible to obtain 
air-free spectrograms of Venus from-an earth satellite, while 
radio astronomy may also contribute further to our understand- 
ing of this intriguing planet. 
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ELEMENTARY PARTICLES: 
THE PRESENT SITUATION 


P, E. HODGSON 


In 1954, a summary of the existing state of knowledge of funda- 
mental particles was published in Science News, 31. This has been 
gradually rendered inadequate by the great amount of work done 
in the intervening years, and a new summary is needed. 

Four stages can often be distinguished in the development of 
knowledge of a new fundamental particle: they may be called 
the discovery stage, the numbers stage, the nuclear interaction 
stage, and the field theory stage. 

To establish the existence of a new type of particle quite a small 
number of clear-cut events observed in nuclear emulsions, cloud 
chambers, or bubble chambers is usually sufficient. If several 
events are found that cannot be due to known particles, and 
measurements on each of them show the same charge and mode 
of interaction or decay for the unknown particle, and about the 
same mass, the existence of a new particle is considered to be 
established. It is usual to wait until a discovery has been indepen- 
dently confirmed in another laboratory before its existence is 
finally accepted. 

The second stage is entered when some tens of events have been 
found, so that their frequency of occurrence in defined experi- 
mental situations can be estimated; in other words something is 
known about their production cross-sections. 

When hundreds or thousands of events have been measured, 
it is possible to establish the angular and energy distributions of 
the particles at production, and of their secondary products on 
decay. Additional data are usually available concerning the polari- 
zations of the spins of the particles involved. These data can be 
interpreted in terms of the nuclear interaction of the new particle 
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with the particles involved in its production on the one hand, 
and with the particles into which it decays on the other, 

In the final field theory stage the properties of all the different 
types of particles and their interactions with esch other are 
unified into a single theoretical scheme. 


Methods of Discovery 


Most of the unstable particles were first discovered during 
studies of the cosmic radiation.* The very high energies of the 
cosmic rays lead to the production of all types of unstable par- 
ticles when they interact with nuclei. Prolonged studies have 
sometimes allowed production cross-sections to be estimated and 
decay modes to be studied in some detail. On the whole, however, 
it is seldom possible to advance far into the third stage by cosmic 
ray studies alone, because the cosmic ray particles are of such 
diverse energies that large numbers of events corresponding to 
well-defined experimental situations cannot be obtained. 

This has only become possible through the development of 
high energy accelerating machines, the synchro-cyclotrons, and 
synchrotons, which produce copious beams of protons and other 
particles at well-defined energies. These beams may then be 
allowed to interact with nuclei to produce unstable particles 
under well-defined conditions. 

Pions and muons passed through the first two stages of develop- 
ment in the late 1940s, and were well into the third by the time 
the last article was written in 1954, Since then, their production, 
interactions, and decay have been very extensively studied, The 
main features of their interactions are well known, and consider- 
able progress has been made towards a field-theoretical under- 
standing of them. This work will not be summarized here. 

The K-mesons and hyperons were only discovered in the early 
1950s; the first few were found in the cosmic radiation, and some 
more were produced by the American proton synchrotrons in 
1953, By 1954, most of them had hardly progressed to the second 
stage. 

Since then, two new techniques have enabled many more data 

* For some definitions see p. 103. 
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to be obtained. One consists of a stack of nuclear emuisions 
stripped from their glass backing and tightly packed together so 
that the tracks of particles can be followed from one emulsion 
to the next. This frequently enables the particles produced in 
interactions and decays to be followed to the end of their range, 
so that accurate mass and energy measurements can be made. 
This is seldom possible in single emulsions, as particles then 
usually leave the emulsion before coming to rest. 

The other technique is the bubble chamber which was developed 
by Glaser and others in 1952, and soon began to give important 
results*. In the bubble chamber the path of a charged particle is 
made visible as a line of bubbles in a boiling, superheated liquid. 
It has the great advantage over nuclear emulsions and the cloud 
chamber in that it can be made of liquid hydrogen, so that any 
nuclear interactions that take place within it are with protons 
alone. In the cloud chamber and nuclear emulsion many other 
heavier nuclei are present, which make the interpretation of 
observed events much more difficult. Also, bubble chambers can 
be operated much more rapidly than cloud chambers, so that 
many events can be gathered in a short time. They can be made 
of other liquids, such as propane and xenon, for special purposes. 

Many thousands of events showing the production, interaction, 
and decay of the commoner heavy mesons and hyperons have 
now been accumulated in many laboratories, so that for them 
the second stage has been passed, and the third stage is beginning. 

It is, however, an extremely laborious task to collect enough 
data on any one type of particle for useful angular and energy 
distributions to be found. Until this is done, it is impossible to 
draw accurate quantitative conclusions about their interactions 
with other types of particles. Plenty of particles are produced in 
accelerating machines, and their interactions can easily be 
recorded in nuclear emulsions and bubble chambers. The bottle- 
neck comes in the extracting of the data from the pictures. It 
takes a long time to scan minutely hundreds of thousands of 
bubble chamber films or stacks of nuclear emulsions. Even when 


* See J. R. Atkinson, Science News, 49 56, 
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the events have been found, they have to be accurately measured, 
and elaborate calculations made on the measurements, before 
the desired quantities are obtained. It may easily take several 
days to complete the analysis of a single event. At the discovery 
stage this was quite acceptable, but when thousands of events 
are needed it becomes prohibitively laborious. 

This difficulty has now been overcome through the develop- 
ment of semi-automatic measuring machines which replace the 
human observer to a great extent. These machines can be made 
to record the measurements in code which can be fed straight 
into an electronic computer for the numerical part of the analysis. 
This reduces the time taken to deal with one event from days to 
minutes, 

These machines are complicated and costly, and only a few 
are operating, in the United States, at CERN (Geneva) and at 
Cambridge, England. Very many more are being made, and in a 
few years many thousands of heavy meson and hyperon events 
will be analysed, thus bringing them to stage three. Some pre- 
liminary work has been done on the fourth stage, but it is severely 
hampered by the present lack of data. 


Notational Changes 


The significant advances made since 1954 have led to many 
changes of notation. This is inevitable in the discovery stage of 
fundamental particles because events that cannot be interpreted 
as the interactions of known particles are first of all classified 
and given symbols phenomenologically. There is seldom a one- 
to-one correspondence between the types of particles and the 
phenomenological symbols; superficially similar events may be 
due to different particles, and the same particle may produce 
different types of events. This can only be sorted out by many 
careful measurements, and until this is done there is inevitably 
some confusion of notation. 

These changes in notation are mentioned below in the notes 
on the corresponding particles. It is also worth while listing those 
symbols that have become obsolete in the last few years. Most 
noticeable is the less frequent use of the phenomenological 
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symbols S for particles that decay or are captured at rest, and 
V+ and V° for charged and neutral particles that decay in flights. 
These events can be due to several different types of heavy mesons 
or hyperons that have now been identified. Thus, S-particles can 
be X- hyperons, or K~ or =~ mesons that are captured by a 
nucleus with the production of a star. V* particles are now known 
to be X* hyperons or K* mesons that decay in flight into one 
charged particle and one or more neutral ones. V° particles are 
A°® hyperons or K® mesons that decay into oppositely charged 
particles. As the V° particles were being identified, they were fre- 
quently given subscripts, and these symbols have now in turn 
been replaced by the particle symbols: thus V{=A° and V?=K°® 
(8-mode). The other modes, VS->t~-+2+ and Vi-x++u* which 
were at one ‘ime considered, have not been substantiated by 
subsequent research. The V*- or the Q--particle is now known 
as the E- hyperon. 

Unstable fundamental particles are sometimes divided into 


three groups: 
L-mesons. Mass from that of the electron to that of the 
m™-meson, 
K-mesons. Mass between that of the x-meson and that of 
the proton. 


Hyperons. Mass greater than that of the neutron. 
The properties of the known fundamental particles are sum- 
marized in the Tables I, II, and III, supplemented where necessary 
by the notes below. 


Properties of Elementary Particles 


All processes involving the production and decay of funda- 
mental particles are subject to the familiar conservation laws of 
charge, energy, and momentum. The number of nucleons and 
hyperons, or baryons as they are called collectively, is also con- 
served. Hyperons are considered together with nucleons because 
they are always produced from a nucleon, and a nucleon is 
always among their decay products. If, however, anti-nucleons 
are produced or absorbed in an interaction, their number must 
be subtracted from the nucleon number. The conservation law 
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may thus be expressed by saying that the number of baryons 
minus the number of anti-baryons remains the same throughout 
any reaction. 

A similar conservation law holds for leptons, a group of par- 
ticles including neutrinos, electrons, and muons. The number of 
leptons minus the number of anti-leptons remains the same 
throughout any reaction. 

Elementary particles. have spins, and the vector sum of the 
spins of all the particles is conserved as in nuclear reactions. 
Particles with integral or zero spin are called bosons and obey 
Bose-Einstein statistics, while those of half-integral spin are called 
fermions and obey Fermi-Dirac statistics. It is noteworthy that 
the particles whose numbers are conserved, the leptons and the 
baryons, are all fermions, while those whose numbers are not 
conserved, the pions, K-mesons, and photons, are all bosons. All 
elementary particles have zero or unit charge. 

All the above conservation laws are obeyed exactly. In addition, 
there are some conservation laws that are only obeyed approxi- 
mately. Thus, it was found necessary to postulate a new quantum 
number to interpret the experimental data on K-mesons and 
hyperons. This is called the ‘strangeness’, because hyperons were 
often referred to as the ‘strange particles’. The accepted ways of 
assigning and using it were proposed independently by Gell-Mann 
and Nishijima in 1953, Strangeness is not strictly conserved like 
charge: reactions conserving it proceed most easily, while re- 
actions in which it charges by one unit can proceed only slowly 
and with difficulty. 

Until a few years ago it was assumed that parity was con- 
served in all fundamental particle reactions.* In other words, it 
was taken for granted that all physical systems behaved in exactly 
the same way as their mirror-image counterparts. Since then, 
Lee and Yang's suggestion in 1956 that parity may not be con- 
served in weak interactions (those involving neutrinos, electrons, 
and u-mesons) has been followed by the discovery that this is 
indeed the case. For strong interactions involving nucleons 


* See J. R. Singer, Science News, 46 7. 
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Wilkinson has shown that parity is accurately conserved, so it 
becomes important to see whether this is also the case for strange 
particle interactions. This has been studied by observing their 
angular distributions at production and decay, and it has been 
found that parity is conserved in some strange-particle inter- 
actions, but not in others. 

Heavy mesons and hyperons are produced in numerous types 
of interactions between energetic particles and nucleons. Some 
typical ones are listed below with their threshold energies in 
collisions with free nucleons. These can be calculated by requiring 
that the available energy in the centre-of-mass system of the 
colliding particles must be greater than the rest energies of the 
particles produced. Since the hyperons are produced from exist- 


ing nucleons, only the non-nucleon part of their rest energies is 
included. 


Pion interactions: 
n+ p> <° + 6° 
nm +p—+i-+ K+ 


(900 MeV) 
(900 MeV) 


n~ + p—+A®* + 0° 
Proton interactions: 

p+p>2++K*+p 

p+p—-2*+Kt+p 

p+p+>i++Kt+n 
Photoproduction: 

y¥+p-—>K*t + A* 


(760 MeV) 
(1800 MeV) 
(1800 MeV) 
(1800 MeV) 


(670 MeV) 


The target particle can be either a free proton or a nucleon in 
a heavier nucleus. In the latter case, there is a good chance that 
the target nucleon is moving towards the incident particle. This 
will add to the available energy in the centre-of-mass system, 
and so the corresponding threshold energy will be reduced. 

It will be noted that a heavy meson and a hyperon are always 
produced together in pairs and never singly like x-mesons. This 
is necessary to conserve strangeness. Their relatively long life- 
times on a nuclear time scale may then be explained as the result 
of the non-conservation of strangeness in their decay processes. 

All known unstable particles decay into either two or three 
secondary particles. If the decay is into two particles, then con- 








Elementary Particles: The Present Situation 103 


servation of energy and momentum determines the energies of 
both secondaries relative to the primary particle. But if the decay 
is into three particles, their energies can vary over a certain range 
according to their angles of emission with respect to each other. 
If the decaying particle is at rest, the directions of motion of the 
secondaries are all in the same plane: if not they are collimated 
in the forward direction due to the motion of the parent particle. 

Conversely, if it is found that the secondary particles in a 
certain type of event always have the same energy, it may be 
inferred that the decay is a two-body one. If the energies of the 
secondaries vary, and their directions of emission are in the same 
plane, the event must be a three-body decay at rest. No event 
corresponding to four-body strange particle decay has ever been 
found, with the exception of those cases where a gamma ray 
converts to an electron pair during the interaction. The pro- 
bability of this happening during the emission of a gamma ray 
is about 1 per cent, and the resulting electrons are known as a 
Dalitz pair. Frequently only one of the secondary particles from 
a strange-particle decay is charged, and so it is the only one that 
can be easily identified. The presence of one or more neutral 
particles can then be inferred from its energy distribution. The 
neutral particles can be neutrinos, gamma rays, neutral pions, or 
some hitherto unknown particle. Unless there is definite evidence 
to the contrary, it is conventional to assume that they are either 
neutrinos or anti-neutrinos, whichever is required to conserve 
the total number of leptons. 


Notes on Different Types of Particles 


The following notes on the different types of particles are to 
supplement the information given in the tables. 
Neutrino. This particle was postulated by Pauli as early as 1934 
to maintain conservation of energy, momentum, and spin in 
beta decay. Its existence was established by Reines and Cowan 
in 1956. 
Electron. This term usually covers both positive and negative 
charges, but is sometimes used just for the negative particles, the 
positive ones being called positrons. 
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Muon or u-meson. It is not produced directly in nuclear collisions 
but only through the decay of a pion or K-meson, and interacts 
very weakly with nuclear matter. A fast muon can pass through 
many hundreds of nuclei before interacting. Positive muons are 
repelled by nuclei and decay, but negative muons can fall into 
electron-like orbits around nuclei to form mu-mesic atoms. These 
can persist for a long time on the nuclear time scale before the 
muon is finally captured or decays. Study of the muon energy 
levels yields valuable information on nuclear structure. If the 
muon is captured by the nucleus, it can interact to give it a small 
amount of energy, about 15 MeV, which occasionally gives rise 
to a visible star. 

Pion or x-Meson. Neutral, positive, and negative pions are pro- 
duced in approximately equal numbers in high-energy nuclear 
collisions. Charged and neutral pions differ in mass owing to the 
effect of the electromagnetic field. Neutral pions are difficult to 
detect as their decay products are uncharged. However, these 
secondary gamma rays often produce electron-positron pairs and 
it is through these, which can be easily measured, that the pro- 
perties of the neutral pion can be studied. 

Positive charged pions decay into a muon and a neutrino, 
Negative ones can do this as well, but they are more likely to be 
attracted to, and captured by, a (positive) nucleus. A strong inter- 
action takes place, and the pion is absorbed, its mass appearing 
as kinetic energy of the nearby nucleons in the nucleus. This 
excites the nucleus, which then frequently emits several neutrons, 
protons, or alpha-particles, forming a star visible in nuclear 
emulsions and cloud or bubble chambers. 

This difference in the behaviour of positive and negative pions 
is solely because the matter in our world is composed of positive 
nuclei and negative electrons. In an anti-universe, this would be 
the other way round, and so would the properties of the positive 
and negative pions. 

K-mesons (occasionally called kaons). The first particles to be 
discovered having a mass about a thousand times that of the 
electron were the t-mesons, which decay into three charged pions, 
Soon after, another particle, called the x-meson, was found which 
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decayed directly into an electron of variable energy. The decay 
was accordingly presumed to be a three-body one into an electron 
and two neutral particles. Evidence was also found for the +°- 
meson decaying into a neutral and two charged pions, for the 
charged y-meson decaying into a pion of unique energy and a 
neutral particle, and for the 0°-meson decaying into two oppo- 
sitely charged pions. 

As increasingly accurate measurements were made of the mass 
of all these particles, it gradually became clear that they were all 
consistent with the same value of 967 m,. Their properties 
appeared to be similar in other respects as well, except that the 
6° and + have opposite parity, if it is assumed that parity is con- 
served in their decay processes. But after the discovery of non- 
conservation of parity in other weak interactions, it was no longer 
necessary to assume that this is so, It then became simpler to 
assume that all these types of events are in fact due to the same 


TABLE II 
Decay Modes of the Charged K-Meson 





Decay Relative Decay Product 
Products Srequency energies 


nt +nt+n- 6% E, < 48 
nt + n° +n? 2% E,, < 53 
nt +n 56% E,, = 108 
pt+y 27% E,, = 254 
wtt+re+y 4% E, < 134 
et int+y 5% E, < 228 


























particle which can decay in several different ways. Some of the 
original symbols have been retained to describe the different 
decay modes, while others have lapsed. In general, it is more 
useful to refer to a decay mode as, for example, the Kx:-mode, 
indicating that the K-meson decays into two particles, one of 
which is a pion. The characteristics of the decay modes of the 
charged K-meson are summarized in Table II. As in the case of 
the pions, however, negative K-mesons can be captured by nuclei 
to give a disintegration star. A special feature of these stars is 
the frequent emission of charged £-hyperons and hyperfragments 
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(see below). These are produced in reactions with nucleons of the 
target nucleus of the form 

K-+p7i++r- 

K-+p—>2*+r° 

K-+ p72 +x+ 

Some evidence indicating that K-mesons can interact with 
groups of nucleons has recently been found. 

Since K--mesons interact in this way when they come to rest, 
while K*-mesons decay, most of the data in Table II have been 
obtained from studies of K+-mesons. However, less extensive 
studies of K~-decay in flight indicates that all these decays are 
completely symmetrical with respect to charge. 

In addition to the decay modes listed in Table II, some evidence 
has been found indicating that the rare decay mode 

Kt —> nt + 7? + Y 
occurs in about 1 in 5000 cases. This is what would be expected 
on theoretical grounds. 

When produced in nuclear interactions the neutral K-mesons 
are quantum mechanical mixtures of K? (or 62) and K& (or 62) 
particles. The theory of this mixture has been worked out by 
Gell-Mann and Pais. Since the 6%-mesons have much shorter 
lifetime, they rapidly decay, leaving the long-lived 92 particles. 
Each of these particles has several decay modes, which are given 
in Table III. The behaviour of K°-mesons is not yet fully under- 
stood, and some of these data are provisional. In particular, little is 
known experimentally about the K2 decays: the frequencies given 
are those estimated theoretically, though they are consistent with 


TABLE lil 
Decay Modes of Neutral K-Mesons 





Decay Relative Decay Product 
Products Frequency Energies Q-value 





nt +n- 39% E,, = 107 214 
re +n® 1% E,, = 112 224 
3n® 1% | Exe<57 
nt +n> +n? $% E,+ < 50 
nt+pF+y 21% Ext < 116; EB, 4 < 133 
nt +eFiv 17% E,.+ < 127; Eos < 226 
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the few observations that have been made. It is possible that the 
63-meson occasionally undergoes two-body decays of the form 
Oat +n-; OF > et+ p-; 
Oi+et+e-; 03>u++ 
but this happens in less than 1 per cent of the cases. 

The measured values of the masses of the charged and neutral 
K-mesons are the same within experimental uncertainties, but 
there are theoretical reasons indicating that there may in fact be 
a small difference between them. Some recent experiments have 
indicated that the 6?-meson may be about 4°10-* electron masses 
heavier than the 62-meson. 

Nucleon, Nucleon is a general term covering both protons and 
neutrons. Nuclei are thus composed entirely of nucleons. 

A°® Hyperon, The two main decay modes occur approximately in 
the ratio of 2: 1, which is what would be expected from theoretical 
considerations. Parity is not conserved in A° decay. 

There is evidence for the rare decay mode 

A°*>+pt+e-+y, 

which occurs once in about a thousand A° decays. In addition to 
being directly emitted from an energetic nuclear interaction, a 
A® hyperon is sometimes emitted together with a small group of 
nucleons: these are called hyperfragments. They usually live long 
enough to come to rest, and then the A°-hyperon decays, giving 
energy and a pion to the rest of the nucleus, which then dis- 
integrates. The pion may escape, or it may be absorbed and give 
its rest energy to the nucleus, thus causing a more energetic dis- 
integration. Some typical examples of hyperfragment decays are 
listed below: 
Non-mesonic decays: 

aHei > 2p + 2n 

aHet+p+d+n 

aNi* + Bi? + 2p 


aHienz+p+pt+no 
aHei > Hes + x° 

aHei + Hes + p+ x- 
,Lib > Het + d+ p+ 
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The energies of the emitted particles can be used to calculate the 
binding energy of the A°-hyperon in the hyperfragment and this 
in turn gives information on the A°- .ucleon forces. 

x-hyperon. Unlike the pions, the masses of the charged <- 
hyperons are unequal. This may be explained by the effect of the 
electromagnetic field, together with the strangeness selection 
rules. 2%°-hyperons sometimes decay by the rare mode 
u*+A*+ert+e-. 

Like negative pions and K-mesons, =--hyperons can enter 

nuclei and cause a characteristic disintegration. 
&-hyperon. Unlike the other particles in the table, the E-hyperons 
have hardly left the discovery stage, as very few events have so 
far been found. They are also known as ‘cascade decays’ since 
another hyperon is produced when they decay. 

It will be noticed that the fundamental particles fall into groups 
with similar properties except for their charge — the pions, the 
K-mesons, the nucleons, and the &-hyperons, It is convenient to 
think of each of these groups as the charge states of the same 
particle, and to assign it a number, implying the number of 
particles in each group. By analogy with angular momentum this 
is called isotopic spin, so that a group with isotopic spin I has 
(21 + 1) charge states. Since isotopic spin only has meaning in 
so far as it is permissible to neglect the particular efforts of the 
electromagnetic forces, it is inapplicable to particles like the 
electron and the muon which interact predominantly through the 
electromagnetic field. Isotopic spin is conserved in strong inter- 
actions, but it may change by one-half in weak interactions, or 
by unity in electromagnetic interactions. 


Anti-particles 


To each particle listed in the tables there corresponds an anti- 
particle, with just the opposite properties. The only exceptions 
to this are the photon and the neutral pion, which are their own 
anti-particles. Positive and negative electrons are the anti-particles 
of each other, and so are the charged pions and the charged 
K-mesons, All other particles listed have anti-particles with the 
corresponding anti-decay schemes. Thus, we may have, for 
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example, the anti-A°*-hyperon, symbolized A,, with the decay 
scheme 
K*+p+nt 

in which each particle is the anti-particle of the corresponding 
one in the decay of the A°-hyperon. The anti-proton, p, interacts 
violently with nuclear matter. If it is captured by a nuc eus, it is 
annihilated, and the energy corresponding to its rest mass appears 
as excitation energy of the nucleus. Since this amounts to about 
1860 MeV, a large ‘star’ is formed when this happens in nuclear 
emulsion. To each particle interaction there corresponds a similar 
anti-particle interaction, so that, for instance, a proton would 
interact with an anti-nucleus in the same way as an anti-proton 
with a nucleus. 

The existence and interactions of the particles described above 
has been reasonably well established. Some changes may be made 
necessary by future work and the numerical values of the masses, 
lifetime, and other characteristics will be improved, but the broad 
picture will remain. 


Conclusion 


A few more new particles may be discovered in the next few 
years, but most of the work is likely to be devoted to consoli- 
dating and improving knowledge of particles already discovered. 
This is in contrast to the situation five years ago, when the 
emphasis was on the discovery of new particles. 

There are still several experiments being made with the inten- 
tion of detecting new types of particles. In particular, great efforts 
are being made to detect a particle of mass about 550 m,, some- 
times called the {-meson. In 1954, this particle was suggested by 
a few experiments but the evidence for its existence was extremely 
weak. Experiments have also been made to try to detect particles 
of sub-electronic charge, again without result. 

It is likely that some new rare decay modes of K-mesons and 
hyperons will be found. These can sometimes be predicted on 
theoretical grounds, but they are not easy to establish if they 
occur, say, only once in a thousand decays. The relative fre- 
quencies of the different possible decay modes of a type of 
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particle are an important indication of the strengths of the inter- 
actions between the different particles involved, and so constitute 
a sensitive test of any theories that may be put forward. 

Now that so many ‘elementary’ particles are known, the 
suitability of the word becomes more and more questionable. 
The situation is analogous to that existing for the chemical 
‘elements’ in the last century. As more and more elements were 
found and their properties measured accurately, it became 
increasingly desirable to interpret them as complexes composed 
of different numbers of a few ‘elementary’ particles. Prout’s 
hypothesis pointed the way, and Mendeleef’s Periodic Table 
clearly displayed the pattern. 

Developments in nuclear physics in this century laid bare the 
structure of the chemical elements, showing that each nucleus is 
composed of an integral number of protons and neutrons. These, 
together with electrons, form the ‘elementary’ particles of 
nature. But this exclusive club soon had many new applications 
for membership as fresh mesons and hyperons were discovered 
almost every year. Now we are almost back where we started. 


The periodic table of the ‘elementary’ particles has yet to be 
constructed, and the ‘sub-elementary’ particles yet to be found. 
Probably the explanation will be terms of the concepts of field 
theory, showing how the meson-nucleon fields can be quantized 
to give the types of particles we observe, and why they behave as 
they do. 


Notes on Illustrations 
Insets 7, 8, 9, and 10 


All these pictures were taken in hydrogen bubble chambers 
exposed to beams of negative pions of energy about 1000 MeV. 
These pions are responsible for the large number of almost 
parallel tracks crossing each picture. Very occasionally one of 
these pions hits a proton in the hydrogen and interacts with it, 
causing a characteristic reaction. The events shown in the pictures 
are quite rare; many hundreds of thousands of pictures were 
examined before they were found. 
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A magnetic field was applied to the bubble chamber during 
exposure, so that tracks of positively charged particles are curved 
one way and those of negatively charged particles the other. 
Measurement of the curvature of a track gives the momentum 
of the particle causing it. This information, combined with the 
angles the tracks make with each other, their bubble densities, and 
the known range-energy relations for different types of particles 
in liquid hydrogen, is frequently sufficient to identify all the 
particles involved in the interaction. Electrons are often ejected 
from the hydrogen atoms by the energetic pions, and these, 
having a small momentum, are curled up by the magnetic field 
into the little spirals that can be seen all over the pictures, 

Each photograph is accompanied by a sketch so that the tracks 
of particular interest can be identified in spite of all the other 
tracks in the picture. In all the sketches the tracks of charged 
particles are indicated by solid lines and those of neutral particles 
by dotted lines. 
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NEW THEORY OF EEL MIGRATIONS 


THE story of the migrations of the common eel has been often 
retold since the evidence for it was pieced together by the Dan- 
ish marine biologist, Johannes Schmidt, from collections made 
during a series of expeditions between 1909 and 1920. It is a 
story in four parts, two of which are known only by inference, 
although all four have been accepted until lately. The most 
spectacular part —- known only by inference — is the supposed 
migration of mature eels from the rivers of Europe and North 
Africa to a spawning area in the Sargasso Sea, 3,500 miles on a 
great circle route from the nearest starting point of the eels. 
Second, and again depending on inference, there is a corre- 
sponding but shorter migration by the common eel of North 
America. According to Schmidt, it spawns in a distinct but par- 
tially overlapping area, also in the Sargasso Sea region. Third 
and fourth, there are known passive migrations in the reverse 
direction — from the Sargasso Sea to the river mouths of North 
America on the one hand, and Europe and North Africa on the 
other. These, and especially the movement of larvae towards 
Europe, were worked out in detail by Schmidt from the limits 
of length of larvae collected at different points on their journey. 
Given that the European and North American eels were distinct 
species, the corresponding adult migrations appeared logically 
necessary. Now Dr D.W. Tucker of the British Museum 
(Natural History) has taken a fresh look at the problem, and 
has propounded a solution of his own. In brief, he assumes 
“that the common eel of Europe and North Africa, Anguilla 
anguilla, and the North American eel, A. rostrata, are one and 
the same species, such differences as exist between them being 





Research Report 113 


attributable to environment; he argues on oceanographic 
grounds that Schmidt was mistaken in considering that the 
spawning areas of the two could be distinguished, and hence 
concludes that the migration of mature European eels to the 
Sargasso Sea is unnecessary, since the population of European 
rivers can as well be replenished by the progeny of North 
American eels, whose migration io the spawning region — 
although also unproved — can be more easily explained. 

The assumption about species is critical to the whole argu- 
ment. Without it, it is necessary either to reject in toto Schmidt's 
laboriously collected evidence of larval migration, or to con- 
clude, as he did, that the adult migration, however difficult to 
accept, does somehow take place. Differences between Ameri- 
can and European eels, Dr Tucker points out, are mainly statis- 
tical apart from some minor points of body form. The most 
important is the number of vertebrae, which ranges between 
103 and 111 in the North American eel, and from 110 to 119 in 
the eel of Europe and North Africa. A bigger proportionate 
change in number of vertebrae has been produced in trout, 
reared from the same parents, by exposing developing eggs to 
a change in temperature. The occurrence of a corresponding 
effect in eels is thus not unlikely. If real, it could be tested in 
experiments using artificial fertilization, as Dr Tucker points 
out. With sufficient resources it should even be possible to repro- 
duce in a high-pressure tank the supposed conditions of breed- 
ing at a depth of 400-700 metres in the Sargasso Sea; a pressure 
of 700 lb per square inch — which, in round figures, corresponds 
with the pressure at 500 metres depth — is not, after all, very 
formidable. 

The most convincing argument against a migration of mature 
European eels to the Sargasso Sea is based on their physiology 
af starting. The European eel descends from its rivers ‘as the 
well-known silver eel, having a broad band of guanine running 
the length of its belly. Along with a profound degeneration of 
the gut and perceptible enlargement of the gonads, there is 4 
marked enlargement of the sense organs; the eyes in particular 
double their diameter, though without increasing the number of 





114 Science News 52 


retinal elements. ... One apparently normal (that is, non-patho- 
logical) fish from the North Sea showed a complete occlusion of 
the vent.... We have, therefore, in the typical case a fish de- 
generate and unable to feed, having a fat reserve which must 
provide for the maturation and vast enlargement of the gonads 
as well as for the propulsion of the enfeebled body on a pre- 
sumed 3,500-mile journey.’ The American eel, on the other 
hand, is on the average a four times heavier fish (on Dr Tucker’s 
view because conditions are better suited to it), has less far to go, 
is helped by a more favourable current system, and appears to 
be less advanced towards spawning. The eye is not enlarged, the 
vent is not blocked, there has been no assumption of silver 
colouring. 

A further argument used by Dr Tucker is that no single 
pattern of inherited behaviour could bring both Baltic and 
Mediterranean eels to the beginning of the ocean stage of their 
journey. This appears to be valid only as a criticism of Schmidt's 
original interpretation, not as an argument for Dr Tucker's: 
because, if the European eel population as a whole can be main- 
tained by American emigrants, so, too, could the population of 
the Mediterranean or Baltic be maintained by progeny from 
the spawning of eels from any one part of Europe. In other 
words, a distinct European species could still be maintained 
from the Sargasso Sea if sufficient European eels reached the 
spawning area — no matter from what river. Alternatively, from 
the absence of any observed movement of mature eels through 
the Straits of Gibraltar, it was suggested at an early stage - 
although without evidence — that they might spawn instead in 
the Mediterranean. 

Schmidt's conclusion that North American eels spawn in a 
distinct area — on the south-west side of the European one, but 
overlapping it — is criticized by Tucker on the ground that there 
would already have been a movement of the eggs before they 
become the early stage larvae that Schmidt collected. If the 
‘current system is allowed for, he considers that the case for dis- 
tinct areas disappears. Given a single area, he argues that spread 
in destination would be introduced by the clockwise current 
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system, eggs developing near the southern limit of the spawning 
area being carried to North American waters, and those near 
the northern limit (i.e., in the inner part of the current system) 
across the Atlantic. At the same time, the more southerly eggs 
would encounter an abrupt rise of some 4° C in temperature, 
while those further north would not. On the analogy of trout 
(mentioned earlier) this sudden rise in temperature might bring 
segmentation to an end, and so explain the smaller average 
number of vertebrae in North American eels. There will be 
room, no doubt, for argument on some points. Dr Tucker has 
done well on any view to call attention to the serious improb- 
ability of the accepted story. In favour of his own theory, his 
view of the development and maturation of eels on the two sides 
of the Atlantic adds up to a sensible picture which it should be 
possible to check. 


Tucker, D. W.: Nature, 1959 183 495, 


ROUTE TO NEW PENICILLINS 


More than ten years of frustration in efforts to produce new 
and medically useful variants of penicillin have been brought 
to an end by a discovery made in the Beecham Research 
Laboratories, Brockham Park, Surrey. Leaving untouched the 
part of penicillin that is thought to be essential to its action, 
chemists should be able to make what additions to it they please. 
Penicillin, in other words, has been brought within the range of 
procedures usual in pharmacological research, and it will be 
surprising rather than otherwise if no medically useful variants 
are found. 

From the beginning, there was a chemical and a microbio- 
logical approach to the production of deliberately modified 
penicillins. The chemist’s approach was to try to find a logical 
and controlled method of synthesis. A synthesis of a sort — 
giving a yield of less than one-thousandth part of the theoretical 
yield — was achieved during the wartime phase of research. But 
the core of the penicillin molecule is unusual, and the method 
was not such as to offer hope of improvement. Nor has a prac- 
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tical alternative been since found. The microbiological approach 
was to induce the Penicillium mould to produce new penicillins 
by adding to the culture medium components that appeared 
chemically plausible and which, if acceptable by the enzyme 
systems of the mould, would be incorporated in the penicillins 
it produced. This proved a possible, but restricted, method; the 
mould was more ‘choosey’ than chemists would wish, even with 
selection of the strains used. A compromise was, however, pos- 
sible: to try to get from the micro-organism a penicillin that 
chemists could later modify. This was the approach favoured 
by Professor E. B. Chain, who shared the Nobel award for peni- 
cillin and who during the past three years has acted as consul- 
tant to the Brockham Park laboratories. It is this approach that 
has led to success — except that the substance produced is not, in 
a Strict sense, a penicillin, but is rather a precursor common to 
all of them, the essential core of the molecule. 

All known penicillins contain a common structure, and the 
variations that distinguish one penicillin from others are in a 
single part of the molecule. In all of them an amino (-NH,) 
group is linked through an acidic (-CO) residue to a further 
structure in which the differences lie; in penicillin G, the one 
in common use, this is a benzyle (C,H,.CH,-) group. It has 
been suggested, not proved, that the introduction of this (or 
another) side-chain is the last stage in the synthesis of a peni- 
cillin by the mould. If so, it must proceed readily in most condi- 
tions; otherwise, the product that immediately precedes it would 
already have been isolated. 

That this has now been accomplished is the result, in one 
sense, of chance. The starting point was an investigation in 
which A. Ballio, Professor E. B. Chain and F. Dentice di 
Accadia, of the International Centre for Microbiology in Rome, 
co-operated with G.N. Rolinson and F.R. Batchelor, of the 
then newly formed microbiological department at Brockham 
Park. The object was to make a penicillin, from a precursor (for 
a side-chain) supplied to the mould, and from this to make 
further derivatives. In control experiments — with the precursor 
omitted — a consistent discrepancy was noticed in some condi- 
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tions between the results given by two different but standard 
methods of assay — one microbiological and the other chemical. 
It was only in this sense that the discovery was a chance one. 
The discrepancy, having been noticed and confirmed, was fol- 
lowed up with energy and imagination. This was in the Brock- 
ham Park laboratory. Here the microbiologists from the labora- 
tory who had worked in Rome were joined by F. P. Doyle and 
J.H.C. Naylor of the chemistry department, with Professor 
Chain as consultant, and advice also from Dr A. H. Cook and 
Sir Ian Heilbron, who had worked earlier on penicillin. 

Scientific publication has taken the story up to the point when 
a ‘penicillin’ without side-chain* had been isolated in crystalline 
form from a culture of Penicillium. It had been previously syn- 
thesized by J. C. Shehan and others in the United States, but not 
by a practically useful method. It was said also that the sub- 
stance thus isolated was ‘a most useful chemical intermediate 
for the preparation of new penicillins and related compounds 
.-. not easily accessible in other ways’. 

Further information was given at a Press conference, held by 
the Beecham Group in March. Dr J. Farquharson, Director of 
Research, said that methods of extraction had been found, and 
he described the directions that research was taking. “Three 
things come to mind: (1) the hospitals are full of staphylococci 
resistant to the known penicillins; (2) the known penicillins are 
almost valueless against the gram negative organisms, such as 
B. coli, causing intestinal disorders, Salmonella (typhoid), and 
Proteus (a very common infection of the urinary tract); (3) peni- 
cillins that can be used in penicillin-sensitive patients are re- 
quired.’ The attainment of the objectives thus implied may be 
expected to differ markedly in difficulty. The last should be 
possible, and the production of penicillins to which ‘resistant’ 
staphylococci would no longer be resistant appears a reason- 
able prospect. This would, in itself, be important. To hope for 
penicillins that will be effective against organisms with which 
existing penicillins are unable to deal appears to demand a 


* 6-amino-penicillanic acid, 
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higher order of optimism. Dr Farquharson —- speaking of the 
objectives as a whole ~ referred to some ‘very promising leads’, 
but did not particularize. Professor Chain, in a message of con- 
gratulation, said that the discovery could lead to ‘the most im- 
portant break-through in the penicillin field since the discovery 
of penicillin’s curative power’. The operative word is ‘could’. 
But with penicillin much the most useful antibiotic to date, that 
is still something. 


Ballio, A., Chain, E. B., Dentice di Accadia, F., Rolinson, G. N., and 
Batchelor, F. R.: Nature, 1959 183 180. 


Batchelor, F. R., Doyle, F. P., Naylor, J. H. C., and Rolinson, G. N.: 
Nature, 1959 183 257, 


UNNATURAL AMINO-ACIDS 


Although the distinction between the ‘natural’ and ‘unnatural’ 
configurations of amino-acids has lost the almost philosophical 
significance that it seemed at one time to possess - or at least 
was attributed to it —- there has been no certain example until 
lately of the occurrence of the ‘unnatural’ (/aevo) configuration 
in material of animal origin. Such examples as are known have 
come from plants, including bacteria. 

In this field of research, the outstanding fact is also the most 
general: that, where alternative mirror forms of a substance 
exist, the ordinary operations of chemistry result in the making 
of both forms in equal proportion, whereas enzyme-catalysed 
reaction appear in all cases to produce or to utilize only one 
form. The fact that this form is nearly always the same — the 
so-called ‘natural’ form — is a striking illustration of the general 
community of biochemical patterns. The further fact that excep- 
tions have been so far confined to plants, including bacteria, 
may be plausibly connected with the dependence of animals on 
plants for their raw materials; it is an advantage for survival in 
an animal to use the majority form. Now, however, an excep- 
tion among animals has been found. The occurrence of ‘un- 
natural’ serine has been proved conclusively in a substance, 
lombricine, isolated from earthworms (Lumbricus terrestris), 
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and called after them. The experiments, including synthesis, that 
establish the point, have been carried out by Professor A. H. 
Ennor and two of his staff, Iva M. Beatty and D. I. Macgrath, 
in the Department of Biochemistry, the John Curtin School of 
Medical Research, the Australian National University. 


Beatty, Iva M., Macgrath, D.1I., and Ennor, A. H.: Nature, 1959 
183 591 and following paper. 


ANTARCTICA A TRUE CONTINENT 


However far below sea level the rock surface of Antarctica 
may descend in places, it is arguable that the status of Ant- 
arctica as a continent is best ‘udged by the thickness of the 
crustal layer beneath it. Evidence that the crustal layer beneath 
Antarctica does indeed show’ the greater thickness characteristic 
of continents has been published recently by F. F. Evison, C. EB. 
Ingham, and R.H. Orr, of the Department of Scientific and 
Industrial Research, New Zealand. As part of the International 
Geophysical Year programme, they examined seismic records 
of an earthquake beneath the Indian Ocean, recorded at three 
stations in Antarctica. Two of them, at Scott Base and at Hallett 
Station, were both on the far side of Antarctica from the epi- 
centre of the earthquake. Taken by themselves, these observa- 
tions fit best with a crustal thickness of rather less than 40 km 
beneath Antarctica - compared with 30 to 40 km or more for 
the recognized continents — and a thickness of rather more than 
10 km between the epicentre and the near side of Antarctica. 
The latter figure may be compared with a thickness of 5 to 15 km 
beneath oceanic regions in general. The third station used was 
the Soviet base at Mirny. This is on the same side of Antarctica 
as the earth waves came from, and thus gave an independent 
measurement of the crustal thickness on the oceanic part of the 
journey. This thickness, computed from the Mirny records, is 
about 9 km. From the combined evidence, the best value for the 
crustal thickness beneath Antarctica is taken to be about 35 km. 
A preliminary analysis of seismic records from a further exrth- 
quake, also with its epicentre below the Indian Ocean, supports 
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the same conclusion, and records from other stations in Ant- 
arctica are being examined. 


Evison, F. F., Ingham, C. E., and Orr, R. H.: Nature, 1959 183 306. 


DISCOVERIES FROM SATELLITES 


In a note published under the same heading in Science News, 51, 
it was stated that questions about the extent of the trapping 
region surrounding the Earth, in which many incoming charged 
particles are held captive by the Earth’s magnetic field, might 
have been answered by Pioneer 3. An account of these further 
observations has since been given by Professor J. A. Van Allen 
and L. A. Frank of the State University of lowa. More observa- 
tions again should be available both from the Russian ‘lunik’ 
and from Pioneer 4. Meantime, the information given by 
Pioneer 3 is enough to establish that there are two trapping 
regions, not one; that on the magnetic equator their maxima are 
at distances not greatly different from 1-5 and 3-5 Earth radii, 
reckoned from the centre of the Earth; and that, beyond the 
outer region, there is a steady falling off in the number of par- 
ticles. The overall range in intensity is of the order of 10,000 
to 1. Since Pioneer 3 crossed the outer region near the magnetic 
equator on its outwards path, and some 30° to the south when 
returning, there is also some general evidence of the form of 
this region. It is depicted in section as being in the shape of a 
banana, with the two ends curving inwards towards the north 
and south polar regions. Although traverses in two magnetic 
latitudes give an all too small sample, it is natural to suppose 
that the shapes of the region conform with the magnetic field of 
the Earth, and also that it is the outer region, rather than the 
inner one, that is connected with auroral displays. It can be 
looked on as a bundle of magnetic tubes, widest on the mag- 
netic equator, and narrowing towards the auroral zones, but 
subject to irregularities and disturbances which, in detail at 
least, must be connected with the release of the trapped par- 
ticles. Pending release, the particles may be considered as fol- 
lowing a spiral path between one end and the other of the mag- 
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netic tube that contains them, being effectively reflected at either 
end. 

As well as the intensity distribution at any time, there are 
questions about the origin of the particles. Professor Van Allen 
suggests tentatively that whereas those of the outer region may 
come from the Sun, those of the inner region may be of cosmic 
ray origin. If so, there should be a direct connexion between the 
solar cycle and the population of the outer, but not the inner, 
trapping region; and differences between the energy distribution 
in the two regions would be also of interest. Rough data on 
energy distribution may indeed soon be available. Preliminary 
reports of observations made from Pioneer 4 suggest that the 
average energy of particles in the inner region may be higher 
than that in the outer region. It has been said also that the outer 
region extends to about 13-14 Earth radii, compared with a 
rough limit of 10 Earth radii suggested by the Pioneer 3 measure- 
ments, 


Van Allen, J. A., and Frank, L. A.: Nature, 1959 183 430. 
Gold, T.: Nature, 1959 183 355. 





SOME BOOKS RECEIVED 


INSIDE THE LIVING CELL by J.A.V. Butler (London, 
George Allen and Unwin, 1959), pp. 174, 21s. 


Dr Butler has once again placed us in his debt by producing yet 
another book which integrates many of the rapid and diverse 
advances made in biology in the past ten years. As is right for a book 
with the title Inside the Living Cell the author concerns himself par- 
ticularly with the mechanism of the living process — the ingestion of 
food and its transformation into proteins, nucleic acids, and other 
constituents of the cell. But the process does not stop there. Life has 
to be handed on, and here present researches are taking us very near 
to the basic process on which all life is based. 

Through these many complex fields Dr Butler leads us with skill 
and clarity. We then move on to yet more perplexing problems — that 
of the origin of life and its place in the Universe — and to the acme 
of cellular organization, the human brain. The whole work is illus- 
trated with attractive line drawings, and some particularly fine half- 
tones. Used either as an introduction to the subject, by anyone with 
a certain amount of background, or by the older reader who is 
getting left behind by the rapidity of biological advance, both will 
profit by the considerable list of references and books recommended 
for further reading. 


CosMic ViEw—The Universe in 40 Jumps by Kees Boeke 
with an Introduction by Arthur H. Compton (London, Faber 
and Faber, 1959), pp. 48, 15s. 


In the spate of popular astronomical books that flow from the 
presses, between one and the other there is often much of a much- 
ness. The publishers of Cosmic View claim that it is unique. This is 
a strong word but there is a good deal of justification for its use. 
Kees Boeke’s concept is a simple one, but it is executed with care 
and skill, with the result that one is drawn into the cosmic story and, 
as one passes from page to page, euthralled. 

The idea is this. We start with the picture of a girl with a visible 
cat sitting on her lap and several invisibles thrown in for the sake of 
the story. Then by altering the scale of the presentation by factors of 
plus or minus ten we progress either to the cosmic or the atomic. 
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The cosmic sequence is particularly impressive, revealing, for all 
the myriads of occupants in the starry firmament, the awesome 
emptiness of space. The atomic sequence, if rather forced in com- 
parison, is almost as impressive. In particular, it explains how it is 
unreasonable to expect the physical laws of our macroscopic exis- 
tence to operate when we approach molecular dimensions. Here we 
enter a filmy world of non-reality which is skilfully represented in 
terms of probabilities. 

Minor criticisms are the use of American spelling, and the unfami- 
liarity of the translator with English scientific usage, so that we get 
‘hoof and mouth disease’, But these are minor points. Much more 
important is the fact that the price of the work comes out at four- 
pence a page, which, no matter how much one can appreciate the 
cost of producing a book like this, is high. 


DISCOVERING THE HEAVENS by I. O. Evans with a fore- 
word by Patrick Moore (London, Hutchinson, 1958), pp. 208, 
12s 6d. 


Anyone wanting to introduce a not-too-advanced school boy or 
girl to the Heavens will find this a useful start — indeed, it is sub- 
titled ‘A Junior History of Astronomy’. Young readers should note, 
however -—they will probably know this anyway ~that radio telescopes 
do not work with waves ‘far shorter than those of light’. 


THE SCIENTIFIC BACKGROUND—a Prose Anthology by 
A. Norman Jeffares and M. Bryn Davies (London, Pitman, 
1958), pp. 306, 21s. 


Background of what? It is far from clear. Its authors are per- 
turbed by the alleged ‘gap’ between scientists and technologists, and 
students of the humanities and educated laymen. This ‘gap’, let it be 
stated, is a phrase that humanists often use to obscure their own ignor- 
ance of all that science stands for. Be that as it may, the authors 
declare that their purpose in presenting their compilation is ‘to 
demonstrate to science students the precision and lucidity of the 
best scientific writing, and to offer to arts students, and the general 
reader, a pleasant means of entry into the world of science.’ Whether 
they succeed isa moot point, but they are to be congratulated on bring- 
ing together a hundred sparkling examples of science writing over 
three centuries, including examples from Faraday, Clerk-Maxwell, 
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White, Evelyn, Sherrington, J. Arthur Thomson, D'Arcy Thompson, 
Haldane, the Huxleys, et al. 

At this point one might say ‘Ah yes, the classics of science’, but a 
closer inspection of the contents reveals a most interesting fact. 
Although the collection covers 300 years of scientific exposition, 
thirteen per cent of the examples are from contemporary B.B.C. 
scientific talks. Do we take it that the authors have uncovered a 
hitherto unsuspected force working towards the improvement of 
scientific writing? If so, here is yet another feather that the B.B.C. 
can put in its cap, and its staff (whoever they are) are to be con- 
gratulated on the influence they are having. 

Whether you are a classic or a boffin, I should recommend you to 
plunge right into the essay on ‘English Style in Scientific Papers’ by 
J. R. Baker. Baker might be described as a vitaminized-Fowler, and 
his witty paper (first published in Nature) alerts one to many of the 
sins, foibles, and absurdities of current scientific prose. Indeed, 
primed by it, one can turn to the authors’ Introduction and chuckle 
over the ways in which even the mighty may stumble. Can we let 
them get away with ‘... their faculty and fecundity of observation 
is...’? Has Professor J. Z. Young really taught his octopus to speak, 
because we read ‘. . . they [specialists] frequently cloud their meaning 
in a discharge of words, like an octopus or a politician ...’. But 
chuckle is hardly the word when the humanists let themselves be 
trapped by a parenthesis into this gem. Speaking of the humanist they 
say: “Their ignorance of science creates as much ... of a problem 
than a scientist's ignorance of the humanities.’ The authors might 
also have studied with profit Mr Fowler on the precise use of that 
and which (p. 635, column 1, line 33 of my edition), an exercise that 
(not which) can be recommended to many scientists as well. There is 
nothing more irritating to the sensitive reader than to find defining 
clauses introduced by which. 

But enough — we all live in glass houses. Here is a valuable addi- 
tion to the margin of one’s professional scientific library. Kept on the 
bedside table and one extract taken per diem, it would do much to 
keep Dr Polysyllabus away. 


THe INDIVIDUAL AND THE UNIVERSE: B.BC. Reith Lec- 
tures 1958 by A.C. B. Lovell (London, Oxford University 
Press, 1959), pp. 111, 10s 6d. 


This volume consists of the Reith Lectures almost exactly as de- 
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livered by Professor Lovell. Chapter 1 sketches briefly the recent 
history of astronomy, and then turns back to analyse the relationship 
between astronomy and theological belief up to the time of Coper- 
nicus, Brahe, Kepler, and Galileo. Chapter 2 is devoted to theories 
of the Solar System, of which, according to Lovell, there are per- 
haps more than of the Universe as a whole. The next chapter brings 
Lovell into his own special field — that of the giant radio telescopes. 
Here is an account of the new twentieth century astronomy as excit- 
ing as anything in the whole history of science. 

Chapter 4 is called ‘Astronomy and the State’ — a topic that must 
give all thinking men pause for thought. Astronomy can obviously no 
longer advance without heavy State subsidy. But would such sub- 
vention be forthcoming if it were not for the threats to peace, and 
international tensions. How inexorably these are linked is expressed 
by Lovell in the words: “The fate of human civilization will depend 
on whether the rockets of the future carry the astronomer’s tele- 
scope or a hydrogen bomb.” 

The final chapters deal with the origin of the Universe — absorbing 
because not one but several theories can explain, from acceptable 
postulates, the present observable state of the Universe. This may 
not always be so because in the foreseeable future it may be possible 
to decide between these theories, a choice that must have profound 
theological repercussions. In this field Professor Lovell offers no 
new solution but analyses with considerable clarity the ideas of such 
well-known cosmologists as Jeans, Eddington, Lemaitre, Gamow, 
Hoyle, et al. 

Professor Lovell’s were the ninth series of Reith Lectures and there 
is no doubt that they must rank among the most distinguished. What 
we need now is a biological series to be a worthy successor to those 
given by Professor J. Z. Young a number of years ago now. 


OCEANOGRAPHY AND MARINE BIOLOGY—a Book of Tech- 
niques by H. Barnes (London, George Allen and Unwin, 
1959), pp. 218, 35s. 


Few of us are ever likely to be in a position to make use of any 
of the techniques described by Dr Barnes. But just as We may con- 
template the mysteries of outer space, so we can find mental stimulus 
in contemplating the ways and means by which the oceans are made 
to yield their mysteries. By any human scale the oceans are vast - 
they cover seven-tenths of the surface of the Planet, yet it has been 
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said that we know vastly more about the surface of the Moon than 
we do about the floor of the ocean. In a sense the explanation is 
simple ~ in one case we can look, and look aided by powerful scien- 
tific instruments, but in studying the ocean one has almost always to 
work blindly and remotely. Thus it is that highly ingenious instru- 
ments and methods have been devised by the oceanographers; these 
form the subject of Dr Barnes’s monograph. All start off from the 
simple trawl, grab, or dredge, but the simple is seldom good enough, 
and the trawl evolved into the continuous plankton indicator, and 
the grab into the Kullenberg piston corer, which will wrest 70-ft long 
samples from the floor of the Atlantic 12,000 ft below the surface. 

Oceanographers, however, are no longer content to grope and 
scrape even with the most sophisticated apparatus, and Dr Barnes 
deals at considerable length with underwater photography and tele- 
vision. Even aerial photographs can be used in oceanography. Photo- 
graphs taken from the air using infra red, and red and green filters, 
reveal various details of sand banks, etc; fish populations can be 
estimated, but even more fascinating are the underwater photographs 
taken up to a mile and a half below the surface. Here conditions are 
very specialized, but Dr Barnes describes, not only the difficulties 
experienced at the present limits, but the techniques that can be used 
for shallow-water work. Lastly he deals with underwater TV, a sub- 
ject in which he is himself a specialist. A group of photographs taken 
at depths of up to 180 ft illustrate the possibilities of this, perhaps 
the newest of oceanographic techniques. 
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